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BOUNDARY-LAYER AND WAKE MEASUREMENTS 

ON A SWEPT, CIRCULATION-CONTROL WING* 

Frank W.  Spaid 
McDonnell Doug1 as Research Labora to r i e s  

FTS 8-31 4-233-2509 

Earl R .  Keener 
NASA Ames Research Center  

SUMMARY 

Wind-tunnel measurements of boundary-layer and wake  v e l o c i t y  p r o f i l e s ,  
s u r f a c e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s ,  and o i l - f low photographs are p resen ted  
f o r  a swept ,  c i r c u l a t i o n - c o n t r o l  wing. The model is an  a spec t - r a t io - fou r  

semispan wing mounted on the tunne l  side wall  a t  a sweep a n g l e  of 4 5 O .  

25.4-cm constant-chord a i r f o i l  i s  a 20% e l l i p s e ,  modif ied w i t h  c i r c u l a r  lead- 

i n g  and t r a i l i n g  edges of 4% r a d i u s .  Th i s  c o n f i g u r a t i o n  does not  r e p r e s e n t  a 
s p e c i f i c  shape ob ta ined  from c u r r e n t  vehicle des ign  concepts ,  which are being 
developed. A f u l l - span ,  t a n g e n t i a l ,  rearward-blowing, c i r c u l a t i o n - c o n t r o l  

s lo t  i s  l o c a t e d  ahead of t h e  t r a i l i n g  edge on the  upper s u r f a c e .  Flow su rveys  
were ob ta ined  a t  mid-semispan a t  f ree-s t ream Mach numbers of 0.425 and 0.70, 

Reynolds numbers of 2.3 x l o 6  and 3.2 x l o 6 ,  based on streamwise chord ,  ang le s  

of attack of O o  and 5 O ,  and j e t  s t a g n a t i o n  t o  free-stream s t a t i c - p r e s s u r e  

r a t i o s  of 1.0 t o  2.2. 

The 

*This  research was conducted under t h e  McDonnell Douglas Independent Research 
and Development Program i n  cooperat ion w i t h  t h e  NASA A m e s  Research Center .  
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Boundary-layer v e l o c i t y  p r o f i l e s  measured on the  forward po r t  i o n s  of t h e  

wing's upper and lower s u r f a c e s  a re  approximately streamwise. 

v i c i n i t y  of  the j e t  e x i t  and i n  t h e  near  wake i s  h i g h l y  three-dimensional .  
The j e t  f low nea r  the s l o t  on  the  Coanda s u r f a c e  is  directed normal t o  t h e  

s l o t ,  o r  45O inboard.  A l l  near-wake su rveys  show l a r g e  outboard f lows  a t  t h e  

c e n t e r  of the wake .  A t  Mach 0.425 and a 5' a n g l e  of a t t a c k ,  a range  of j e t  
blowing rates was found for  which an ab rup t  t r a n s i t i o n  from i n c i p i e n t  separa-  
t i o n  t o  a t t ached  f low occurs  i n  t h e  boundary layer upstream of t he  s l o t .  The 

v a r i a t i o n  i n  t h e  lower-surface s e p a r a t i o n  l o c a t i o n  wi th  blowing ra te  was 

determined from boundary-layer , Preston-tube,  and obs tac le -b lock  measurements. 
The in f luence  of blowing on t h e  s i z e  of  t h e  lower-surface s e p a r a t e d  r e g i o n  was 

shown t o  be much more pronounced a t  Mm = 0.425 than  a t  Mm = 0.70. 

The f low i n  t he  
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s e c t i o n  l i f t  c o e f f i c i e n t  
l o c a l  sk in- f  ri  ct  i o n  c o e f f i c i e n t  , 
pressure c o e f f i c i e n t ,  (p-p,)/q, 
j e t  momentum c o e f f i c i e n t ,  m.V./q,S 
s t a t i c - p r e s s u r e  o r i f  ice diameter 
o b s t a c l e  block he ight  

j e t  mass-flow r a t e  
Mach number 
pr ess u r  e 
dynamic p r e s s u r e ,  ( 1  12)  pu2 

Reynolds number based on chord 

wing a r e a ,  def ined  as the  product of t h e  s l o t  l e n g t h  and t h e  wing 
chord measured normal t o  t h e  s e c t i o n  g e n e r a t o r s  
v e l o c i t y  magnitude 
component of v e l o c i t y  p a r a l l e l  t o  flow d i r e c t i o n  a t  edge of boundary 

layer 

‘w’qe 

J J  

shear v e l o c i t y  , Jrw/pW 

computed j e t  v e l o c i t y  assuming i s e n t r o p i c  expansion from j e t  

s t a g n a t i o n  p r e s s u r e  t o  p, 
coo rd ina te  measured p a r a l l e l  t o  free-stream direct  ion  
spanwise coord ina te  
coord ina te  normal t o  wing plane 
law-of-the-wall coo rd ina te ,  (zu ) /uw 

wing a n g l e  of at tack 

yaw-plane f low d i r e c t i o n  angle ,  p o s i t i v e  outboard 

T 

v kinematic  v i s c o s i t y  
p d e n s i t y  

u p i  tch-plane f low direct  ion  angle ,  p o s i t i v e  upward 

T wall shear stress 
W 
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Subscripts 

e condi t ions  a t  edge of boundary l a y e r  

j j e t  parameter 
w condi t ions  a t  s u r f a c e  

free-s t ream c o n d i t i o n s  
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INTRODUCTION 

There a re  s e v e r a l  ways t o  c o n t r o l  t he  aerodynamic c i r c u l a t i o n  of wings and 
t h u s ,  the amount of l i f t .  

under i n v e s t i g a t i o n  is t a n g e n t i a l  blowing from a s l o t  l o c a t e d  ahead of a 

rounded t r a i l i n g  edge. 

edge surface is known as t h e  Coanda e f f e c t .  The deflected f low can i n c r e a s e  
t h e  l i f t  of a wing s e c t i o n  t o  several times tha t  obta ined  by  the  convent iona l  

method of i n c r e a s i n g  the ang le  of a t t a c k .  Wood and Nie lsen  ( re f .  1 )  p r e s e n t  a 
summary of c i r c u l a t i o n - c o n t r o l  r e sea rch .  

One t y p e  of c i r c u l a t i o n  c o n t r o l  t ha t  is  c u r r e n t l y  

The tendency of t h e  f low t o  adhere t o  t h e  t r a i l i n g -  

A coope ra t ive  i n v e s t i g a t i o n  of the boundary layer and wake of a swept ,  
c i r c u l a t i o n - c o n t r o l  wing was r e c e n t l y  conducted by N A S A  Ames Research Center  
and McDonnell Douglas Research Labora tor ies  i n  t h e  Ames S i x -  by Six-Foot 

Transonic  Wind Tunnel. 
s topped-ro tor  r e s e a r c h  v e h i c l e ,  which is des igned  t o  c r u i s e  a t  h igh  speed  w i t h  

the r o t o r  s topped  i n  the  X-wing conf igu ra t ion  ( ref .  1 ) .  The model is an 
a spec t - r a t io - fou r  semispan wing mounted on t h e  s i d e  wall. The 25.4-cm 
constant-chord a i r f o i l  is a 20% e l l i p s e ,  modified w i t h  c i r c u l a r  l e a d i n g  and 
t r a i l i n g  edges.  This  g e n e r i c  conf igu ra t ion  does not r e p r e s e n t  a specif ic  

shape from c u r r e n t  v e h i c l e  des ign  concepts which are being developed. 
span ,  t a n g e n t i a l ,  rearward-blowing c i r c u l a t i o n - c o n t r o l  s l o t  i s  l o c a t e d  ahead 

of t h e  t r a i l i n g  edge on the upper su r face .  
numbers from 0.3 t o  0.75 a t  sweep angles  of O o  and 4 5 O  w i t h  i n t e r n a l - t o -  
e x t e r n a l  p re s su re  r a t i o s  of 1 . O  t o  3.0. L i f t  and pitching-moment c o e f f i c i e n t s  
were o b t a i n e d  fran measured p res su re  d i s t r i b u t i o n s .  

were photographed by use of t h e  o i l - s t r e a k  f low-v i sua l i za t ion  method. 

The tes t  was conducted i n  suppor t  of t h e  NASA X-Wing 

A f u l l -  

The wing was tes ted a t  Mach 

Surf ace-flow p a t t e r n s  

T h i s  r e p o r t  p r e s e n t s  t he  results of t h e  boundary-layer and wake measure- 

ments a t  Mach numbers of 0.425 and 0.70 a t  4 5 O  sweep a n g l e .  

measurements and o i l - f low photographs a re  presented  by Keener e t  a l .  ( r e f .  2 ) .  

The p r e s s u r e  

TEST FACILITY 

The A m e s  Six- by Six-Foot TransonicISupersonic  Wind Tunnel was chosen 
because the  a l lowable  model s i z e  and t h e  tunne l  o p e r a t i o n a l  c h a r a c t e r i s t i c s  
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are  s u i t a b l e  for boundary-layer research. The tunne l  is a v a r i a b l e - p r e s s u r e ,  
continuous-flow f a c i l i t y .  The nozz le  l e a d i n g  t o  t h e  t e s t  s e c t i o n  i s  of the 

asymmetric s l id ing-b lock  type  t h a t  permi ts  a cont inuous v a r i a t i o n  of Mach 

number from 0.25 t o  2.3. The t es t  s e c t i o n  has  a s l o t t e d  f l o o r  and c e i l i n g  
wi th  6% poros i ty  and p r o v i s i o n s  f o r  boundary-layer removal. 

l e v e l  i s  measured t o  be about  1.5% rms of t h e  free-stream v e l o c i t y .  

The tu rbu lence  

MODEL 

Details of t he  model design are  g iven  by Keener e t  a l .  ( r e f .  2 ) .  The 

model is  a semispan wing inco rpora t ing  c i r c u l a t i o n  c o n t r o l  by t a n g e n t i a l  
blowing from a spanwise s l o t  l o c a t e d  ahead of a rounded t r a i l i n g  edge. The 

model was mounted on the s ide  wall of t h e  tunne l  on a t u r n t a b l e  t h a t  cou ld  be 

manually r o t a t e d  through a + 5 O  r ange  i n  a n g l e  of at tack. The wing-root mount- 

i n g  s t r u c t u r e  i s  covered by  a f a i r i n g .  F igure  1 shows t h e  model i n s t a l l a t i o n  
i n  the  tunnel  showing t h e  zero-  and 45O sweep p o s i t i o n s ;  t h e  r e s u l t i n g  aspect 

r a t i o s  are 4.0 and 1.85, r e s p e c t i v e l y ,  based on  t h e  normal canponent of t h e  

exposed span. F igure  1 a l s o  shows the  p o s i t i o n  of t h e  boundary-layer t r a v e r s -  
i n g  u n i t ,  which  was mounted on a bracket attached t o  t h e  tunne l  center-body 
suppor t .  Figure 2 shows views of t he  model i n  t h e  45O sweep p o s i t i o n  and t h e  

boundary-layer t r a v e r s i n g  u n i t .  

The wing has  a 20% e l l i p t i c a l  s e c t i o n  and a 25.4-cm cons tan t  chord ,  modi- 
f i e d  w i t h  c i r c u l a r  l e a d i n g  and t r a i l i n g  edges of 4% r a d i u s  ( f i g .  3).  A f u l l -  
span ,  t a n g e n t i a l ,  rearward-blowing, c i r c u l a t i o n - c o n t r o l  s l o t ,  w i t h  a nominal 
s l o t  h e i g h t  of 0.0020 chord and a t r a i l i n g - e d g e  th i ckness  of 0.0008 chord,  was 

incorpora ted  ahead of t he  t r a i l i n g  edge on t h e  upper s u r f a c e .  

Design sugges t ions  based on exper ience  wi th  prev ious  c i r c u l a t i o n - c o n t r o l  
tests were con t r ibu ted  by N .  Wood, S tan fo rd  I n s t i t u t e  f o r  Aeronaut ics  and 
Aeroacoust ics ,  and by E. Rogers and J. Abramson, David W. Taylor  Naval Sh ip  

Research and Development Center .  Pub l i ca t ions  fran their  r e s e a r c h  a re  d i s -  

cussed  i n  the  review paper by Wood and Nie lsen  ( r e f .  1 ) .  The model des ign  
c l o s e l y  fol lows t h e  design concepts  of Wood and Conlon (ref.  3 ) ,  and Wood and 

Sander fer  ( r e f .  4 ) .  
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The model w a s  designed i n  fou r  p a r t s  ( f i g .  31, s p l i t  a long  the p lane  of 

symmetry. The c e n t e r  of t h e  model con ta ins  a n  i n t e r n a l  plenum, which was con- 

nec ted  t o  t h e  e x t e r n a l  air supply  a t  the  wing root through the s ide  wall of 
t h e  tunnel .  A separate compartment is l o c a t e d  forward of t he  plenum t o  pas s  
t he  p r e s s u r e  tubes  from the model through t h e  wing r o o t .  This  compartment is  

sealed from t h e  plenum by a n  O-ring seal. O-ring sea ls  are a l s o  used between 
the forward pa r t s  and the  s l o t  and t r a i l i ng -edge  p i e c e s ,  i n s t a l l e d  i n  a ho r i -  
z o n t a l  s t e p  s o  t h a t  a p o s i t i v e  s e a l  occurs  when t h e  t o p  and bottom h a l v e s  are 

b o l t e d  toge the r .  Seve ra l  v e r t i c a l  pos ts ,  spaced every 7.11 cm spanwise,  sepa-  
r a t e  t h e  s p l i t  ha lves .  A means f o r  a d j u s t i n g  t h e  s l o t  height  is provided by 

a d j u s t i n g  screws and se t  screws a t  s e v e r a l  span s t a t i o n s .  The des ign  of t he  

t r a i l i n g - e d g e  Coanda s u r f a c e  and s l o t  is described by  Keener e t  a l .  (ref.  2) .  
The model w a s  cons t ruc t ed  from s t a i n l e s s  s teel  and designed t o  wi ths tand  a n  

i n t e r n a l  p re s su re  of 410 k P a .  

The a i r  supply  was provided from the  tunne l  550-kPa d ry -a i r  sphe re .  The 

a i r  f low was c o n t r o l l e d  by a r e g u l a t o r  t o  set t h e  t o t a l  p re s su re  i n  t h e  wing 

plenum. 

INSTRUWENTATION AND DATA REDUCTION 

Wing Surface  Data, Jet  P r o p e r t i e s ,  and Tes t -Sec t ion  Condi t ions  

Details of t h e  p r e s s u r e  ins t rumenta t ion  are given by Keener e t  a l .  
( r e f .  2 ) .  

i n s t a l l e d  a t  f i v e  spanwise s t a t i o n s  (rows 1 t o  5: 2y/b = 0.1,  0.3, 0.5, 0 .7 ,  

and 0.9,  based on t h e  exposed span a t  z e r o  sweep) and one row of o r i f i c e s  a t  
the midspan of t he  wing-root f a i r i n g  ( f i g .  4a). More o r i f i c e s  were p laced  a t  

row 4 ,  2y/b = 0.7, e s p e c i a l l y  over  t h e  t r a i l i n g  edge, t o  o b t a i n  more de t a i l  a t  

one row. Addi t iona l  o r i f i c e s  were placed a t  row 6 a t  a 4 5 O  a n g l e  between rows 

3 and 4 (2y/b = 0.5 and 0.7)  t o  a s s i s t  i n  t he  a n a l y s i s  of t h e  p r e s s u r e s  a t  a 
sweep a n g l e  of 45O and t o  provide a row of o r i f i c e s  near  t h e  l o c a t i o n  of t h e  

upper-surface boundary-layer measwemeats. 

The p r e s s u r e  ins t rumenta t ion  c o n s i s t e d  of 252 o r i f i c e s  on t h e  wing, 

The s u r f a c e  s t a t i c  p res su res  were measured wi th  e l e c t r o n i c a l l y  a c t u a t e d  
pressure-scanning va lves  con ta in ing  pressure t r ansduce r s  t h a t  were connected 
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t o  an automatic  da ta - record ing  system. The s e l f - c a l i b r a t i n g  f e a t u r e  of t h e  

scanning va lves  provided an accuracy  Of about 0.25% of f u l l  scale  of t he  

+86.2-kPa t r ansduce r s ,  p rovid ing  an  accuracy  i n  p r e s s u r e  c o e f f i c i e n t  of 
approximately kO.01. Tunnel tes t  c o n d i t i o n s  were measured w i t h  p r e c i s i o n  
p r e s s u r e  t ransducers ,  r e s u l t i n g  i n  a Mach number accuracy  of about k0.002. 
Tunnel s t a t i c  p res su re  was measured on t h e  tunne l  wall  10  wing-chord l e n g t h s  

ahead of the  wing-root l e a d i n g  edge. Angle of  a t tack was s e t  manually by 

r o t a t i n g  the  wall t u r n t a b l e  and s e t t i n g  the  a n g l e  w i t h  a n  inc l inometer  w i t h  an 
accuracy of f0.03O. 

Sta t i c -p res su re  measurements were reduced t o  s t a n d a r d  pressure 

c o e f f i c i e n t s  by use  of t h e  tunne l  cond i t ions  which were measured a t  t he  

beginning of each data set .  The data were reco rded ,  processed ,  and p l o t t e d  by 

the  tunne l  d a t a - a c q u i s i t i o n  system. P res su re  c o e f f i c i e n t s  f o r  each spanwise 

s t a t i o n  were numer ica l ly  i n t e g r a t e d  by t h e  t r a p e z o i d a l  r u l e  t o  determine wing- 
s e c t i o n  normal-force and pitching-moment c o e f f i c i e n t s .  Wing-panel normal- 
f o r c e ,  p i  tching-moment , and bending-moment c o e f f i c i e n t s  were determined by 
Simpson's-rule numerical  i n t e g r a t i o n  of t h e  span-load d i s t r i b u t i o n s .  Jet  

t o t a l  mass flow was determined from a cal ibrated o r i f i c e  p l a t e  mounted i n  t h e  

a i r  supply l i n e .  
p r e s s u r e  as t h e  j e t - exhaus t  p re s su re .  

The j e t  v e l o c i t y  was c a l c u l a t e d  us ing  t h e  free-stream s t a t i c  

Figures 4b and c show o b s t a c l e  b locks  and P res ton  tubes ,  r e s p e c t i v e l y ,  
which were cemented t o  t h e  wing du r ing  f o u r  runs  a t  p re s su re  o r i f i c e  rows 3 
and 4 on both upper and lower s u r f a c e s .  These devices  were i n s t a l l e d  such 
tha t  t h e  end of the P res ton  tube  o r  t he  face of t h e  o b s t a c l e  block having t h e  

c y l i n d r i c a l  cut-out w a s  normal t o  t h e  streamwise d i r e c t i o n .  The d i f f e r e n c e  
between the undis turbed  s t a t i c  p res su re  and the p r e s s u r e  measured by  the  

P res ton  tube o r  the p r e s s u r e  measured i n  t h e  presence of t h e  o b s t a c l e  block i s  - 
re lated t o  the  l o c a l  s k i n  f r i c t i o n  through a c a l i b r a t i o n .  
data were reduced by use  of the  c a l i b r a t i o n  of Pate1 ( r e f .  5)  i n  t h e  t a b u l a t e d  
form presented by  Head and Vasanta Ram ( r e f .  6 ) .  The obs tac le -b lock  data  were 
reduced by use of t h e  c a l i b r a t i o n  of Nituch ( r e f .  7 ) .  

The Preston-tube 
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Boundary-Layer and Wake Measurements 

The fo l lowing  d i s c u s s i o n  of t h e  boundary-layer and w a k e  measurements 
i nc ludes  a d e s c r i p t i o n  of t he  experimental  appa ra tus ,  estimates of u n c e r t a i n t y  

related both t o  i n d i v i d u a l  probe p res su re  measurements and t o  probe calibra- 

t i o n  da ta ,  and estimates of the r e s u l t i n g  u n c e r t a i n t i e s  i n  v e l o c i t y  and f low 

ang le  data. 

Travers ing  Unit  and Probes 

The t r a v e r s i n g  u n i t  shown i n  f i g u r e s  1 and 2 c o n t a i n s  s t e p p e r  motors t h a t  

a l low remote movement of t he  probe t i p  i n  t he  streamwise and v e r t i c a l  direc- 

t i o n s ;  the probe l o c a t i o n  is  determined w i t h  t h e  a i d  of encoders.  Streamwise 

p o s i t i o n  r e s o l u t i o n  is 0.087 mm p e r  encoder p u l s e ,  and v e r t i c a l  r e s o l u t i o n  is 
0.0052 mm per encoder pu l se .  A microcomputer-based probe c o n t r o l  system 
a l lows  manual o p e r a t i o n  of t he  u n i t  and a l s o  provides  an au tomat ic  mode i n  
which data  are ob ta ined  i n  a preprogrammed sequence of probe movements and 

d a t a - a c q u i s i t i o n  cyc le s .  The wing s u r f a c e  was l o c a t e d  by e lec t r ica l  con tac t  

between t h e  wing and the  probe t i p  a t  t h e  beginning of a boundary-layer 
survey.  I t  was necessary  t o  l o c a t e  the  wing s u r f a c e  w i t h  t h e  probe whi le  t h e  

tunne l  w a s  running t o  minimize e r r o r s  caused by aerodynamical ly  induced de- 

f l e c t i o n s  of the  model and t h e  t r a v e r s i n g  u n i t .  The measurement of d i s t a n c e  
from a survey  p o i n t  t o  t h e  wing s u r f a c e  w a s  l i m i t e d  i n  accuracy by tunnel-  
induced v i b r a t i o n .  The u n c e r t a i n t y  i n  t he  d i s t a n c e  of a probe t i p  from the 

wing s u r f a c e  is estimated t o  be 0.15 mm,  based on both t h e  v e r t i c a l  t r a v e l  
noted between the  f i r s t  i n d i c a t i o n  by t h e  f o u l i n g  c i r c u i t  and the po in t  a t  
which cont inuous con tac t  w a s  e s t a b l i s h e d ,  and on apparent  v e r t i c a l  s h i f t s  

between r epea ted  surveys  of the same boundary-layer p r o f i l e .  

The probe t i p s  used f o r  most boundary-layer surveys  are  small, f l a t t e n e d ,  

three-hole probes; the  wake surveys  and some wall-jet surveys  (flow-f i e l d  

surveys  above t h e  Coanda s u r f a c e )  were made w i t h  a small f i v e - h o l e  probe. 

The prebes are shown i n  f i g u r e  5. Two types  of th ree-hole  probes were used.  

Most of t h e  th ree -ho le  probe surveys  were ob ta ined  w i t h  probes which were 
s t r a i g h t  when viewed from above; a l i m i t e d  number of surveys  above the  Coanda 
s u r f a c e  were ob ta ined  wi th  a probe having a yawed t i p .  The t i p  of the l a t t e r  
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probe was i n c l i n e d  outboard  30" t o  more n e a r l y  a l i g n  t h e  t i p  of t h i s  probe 

w i t h  t h e  flow i n  t h e  j e t .  The t i p  of t h e  f i v e - h o l e  probe was i n c l i n e d  upward 

1 5 O  t o  reduce its f low i n t e r f e r e n c e  i n  the wake downwash. To reduce f low 

i n t e r f e r e n c e  and minimize e r r o r s  i n  measurement of f low a n g l e  and s t a g n a t i o n  

p res su re ,  the  th ree -ho le  probes were a d j u s t e d  i n  p i t c h  a n g l e  s o  t h a t  t h e  t i p s  

were n e a r l y  paral le l  t o  t h e  wing su r face .  
descr ibed  by Dudzinski and Krause (ref.  8). 

The probes are s imilar  t o  those  

Probe-Pressur e-Measur ernent Uncer ta in ty  

A p re s su re  t r ansduce r  was connected t o  each probe o r i f i c e  through a f l u i d  
switch.  Data f o r  a two-point c a l i b r a t i o n  of each t r ansduce r  were ob ta ined  by 
c y c l i n g  t h e  switch a t  the beginning and end of each boundary-layer survey .  
The unce r t a in ty  i n  measurement of p re s su re  a t  i n d i v i d u a l  probe p o r t s  was 
estimated i n  the fo l lowing  manner: An i n d i v i d u a l  probe-port  p r e s s u r e  measure- 

ment, p,, i s  determined from t h e  r e l a t i o n  

- 
'c 

p, = pr + ( e  m - eo) (ec  - eo 

where pr is t h e  r e f e r e n c e  p r e s s u r e ,  p 
t h e  t ransducer  a t  t h e  beginning and end of each su rvey ,  em is the  t r ansduce r  
output  s i g n a l  corresponding t o  p,, eo is t h e  t r ansduce r  output  s i g n a l  cor re-  
sponding t o  z e r o  p r e s s u r e  d i f f e r e n t i a l ,  and ec i s  t h e  t r ansduce r  output  s i g n a l  

An estimate of t h e  con- corresponding t o  t h e  p r e s s u r e  d i f f e r e n t i a l  p - 

t r i b u t i o n s  of u n c e r t a i n t i e s  i n  each of t h e  r i g h t - s i d e  q u a n t i t i e s  t o  p can be 

obta ined  by f i r s t  de te rmining  t h e  d i f f e r e n t i a l  dpm , 

is t h e  c a l i b r a t i o n  p res su re  a p p l i e d  t o  
C 

P r  * C 

m 

where t h e  xi's r e p r e s e n t  the  q u a n t i t i e s  on the  r i g h t  s ide  of t h e  prev ious  
express ion ,  approximating t h e  p a r t i a l  d e r i v a t i v e s  by the i r  maximum va lues ,  and 

r e p l a c i n g  the  d i f f e r e n t i a l s  by  f i n i t e  increments.  These manipula t ions  lead t o  

t he  conclusion tha t  p e r t u r b a t i o n s  i n  pc and p produce equal  p e r t u r b a t i o n s  i n  r 
and pe r tu rba t ions  i n  em, e and eo do t h e  same, except  t h a t  t h e  vo l t age  Pm 9 c '  
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p e r t u r b a t i o n s  m u s t  be converted t o  pressure by mul t ip ly ing  by t h e  t r ansduce r  

s e n s i t i v i t y .  

The f i n a l  procedure u s e d  t o  estimate u n c e r t a i n t y  i n  the probe p r e s s u r e  
measurements employed t h e  prev ious  a n a l y s i s  a s  a gu ide ,  bu t  t h e  i n d i v i d u a l  
u n c e r t a i n t y  estimates were combined i n  a root-sum-square (RSS) f a s h i o n ,  and 
a d d i t i o n a l  sou rces  of u n c e r t a i n t y  were included.  T h i s  procedure i s  summarized 
i n  t a b l e  1 .  

p r e s s u r e  t r a n s d u c e r s  which were maintained i n  a tempera ture-cont ro l led  
e n v i r o m e n t .  The u n c e r t a i n t i e s  i n  these measurements were determined from t h e  

t r ansduce r  s p e c i f i c a t i o n s .  The r e s o l u t i o n  of t h e  microcomputer i n  r eco rd ing  
the  ampl i f i ed  t r ansduce r  o u t p u t  s i g n a l  is 2.5 mV. The u n c e r t a i n t i e s  ass igned  
t o  eo and e 

s u r e  by use  of t he  t r ansduce r  s e n s i t i v i t y .  
corresponds t o  a combination of t h i s  minimum r e s o l u t i o n ,  p l u s  a t y p i c a l  
observed v a r i a t i o n  i n  e du r ing  a r u n ,  r e s u l t i n g  from f low uns teadiness .  The 

e n t r y  labeled " t ransducer  tal." is t h e  n o n l i n e a r i t y  and h y s t e r e s i s  e r r o r  of 

t h e  t r a n s d u c e r s ,  ob ta ined  from the t ransducer  c a l i b r a t i o n s ,  when the t r a n s -  
ducers  are ope ra t ed  over  the pressure  d i f f e r e n t i a l  range of t he  p resen t  

experiments ,  approximately 35 kPa .  The RSS canb ina t ion  of these f irst  s i x  
e n t r i e s  i n  t ab le  1 is 0.17 k P a ,  approximately 1.5% and 0.7% of free-stream 
dynamic p res su re  a t  Mach 0.425 and 0.70, r e s p e c t i v e l y .  

Values of pc and pr were determined by p r e c i s i o n  abso lu te -  

correspond t o  twice  t h i s  minimum r e s o l u t i o n ,  conver ted  t o  pres-  
C 

The u n c e r t a i n t y  a s s igned  t o  em 

m 

Probe Cal i  brat i o n  

Probe c a l i b r a t i o n s  were performed i n  a f ree- je t  c a l i b r a t i o n  f a c i l i t y ,  
fo l lowing  the procedures  o u t l i n e d  by Dudzinski and Krause ( ref .  8 ) .  Probe- 
angle-measurement accuracy was +O. 1 O .  C a l i b r a t i o n s  were performed a t  s i x  Mach 

numbers, ranging  from 0.25 t o  1 . O .  Three-hole-probe c a l i b r a t i o n s  were per- 
formed over  an ang le  range  of *40° in t h e  yaw p l a n e ,  and f ive-hole-probe 
c a l i b r a t i o n s  were performed over  a range of  &4O0 i n  t h e  p i t c h  p l ane  and +60° 
t o  -40a i n  the yaw plane ,  r e l a t i v e  to  the probe t i p .  
zm,bined i n t o  t he  c a l i b r a t i o n  parameters l i s t e d  i n  table 2. For t h e  three- 

h o l e  probe da ta ,  t h e  a n g l e  i n  t h e  yaw plane  and the normalized s t a g n a t i o n  
pressure c o r r e c t i o n  were t a b u l a t e d  a s  f u n c t i o n s  of t h e  the  normalized yaw- 

plane p r e s s u r e  d i f f e r e n c e .  These f u n c t i o n s  were observed t o  be independent  of 

The probe p r e s s u r e s  were 

1 1  



c a l i b r a t i o n  Mach number, wi th in  t h e  l i m i t s  of accuracy  of t h e  c a l i b r a t i o n  

measurements. I n  t h e  case of t he  f i v e - h o l e  probe data ,  the  yaw- and p i t c h -  

p l a n e  angles  and the  normalized s t a t i c -  and s t agna t ion -p res su re  c o r r e c t i o n s  

were t abu la t ed  as f u n c t i o n s  of the  yaw- and p i t ch -p lane  p res su re  d i f f e r e n c e s  
f o r  each of t h e  c a l i b r a t i o n  Mach numbers. The p i t ch -  and yaw-plane a n g l e s ,  u 
and 8 ,  are l i n e a r  f u n c t i o n s  of the  corresponding p r e s s u r e  d i f f e r e n c e s  and are  
n e a r l y  independent of t h e  out-of-plane p r e s s u r e  d i f f e r e n c e  and the  Mach 

number, i n  the  c e n t r a l  p o r t i o n  of t h e  c a l i b r a t i o n  a n g l e  range  (+20° i n  t h e  

p i t c h  and yaw p l a n e s ) .  The s t agna t ion -p res su re  c o r r e c t i o n ,  a dome-shaped 

s u r f a c e  i n  these coord ina te s ,  is a l s o  n e a r l y  independent of Mach number i n  t h e  - 

c e n t r a l  por t ion  of the c a l i b r a t i o n  map. The s t a t i c - p r e s s u r e  c o r r e c t i o n  i s  
a l s o  a dome-shaped s u r f a c e  i n  these coord ina te s ,  b u t  i t  has a systematic v a r i -  

a t i o n  with Mach number. A t  t n e  l a r g e r  va lues  of u and 8 ,  a l l  of t h e  calibra- 

t i o n  c h a r a c t e r i s  tics become i n c r e a s i n g l y  non l inea r  and Mach-number dependent.  
These features of t h e  f ive-hole-probe c a l i b r a t i o n  data were treated i n  t h e  

da ta- reduct ion  program by a three-dimensional ,  1 i n e a r  i n t e r p o l a t i o n  procedure 
i n  which the  l o c a l  Mach number was inc luded  as an independent v a r i a b l e .  

r 

Modified forms of t he  three- and f ive-hole-probe c a l i b r a t i o n  parameters  

were used for  t h o s e  r u n s  i n  which data  from one of t h e  probe p o r t s  were found 
t o  be u n r e l i a b l e  (see column 3 i n  t ab le  2) .  Use of these modified parameters  
r e s u l t e d  i n  only  a modest decrease i n  t h e  accuracy of t he  f ive-hole-probe 
data. I n  t h e  case of t h e  three-hole-probe data, i t  was necessary  t o  use  t he  

local  s t a t i c  p r e s s u r e  determined from t h e  wing su r face -p res su re  d i s t r i b u t i o n ,  

i n  a d d i t i o n  t o  t he  remaining two probe-port  measurements, t o  determine 8 and 
the s tagnat ion-pressure  c o r r e c t i o n .  The a d d i t i o n a l  u n c e r t a i n t y  i n  these 

l a t t e r  q u a n t i t i e s  r e s u l t s  p r i m a r i l y  from t h e  d i s tu rbance  t o  t h e  l o c a l  s t a t i c -  

p re s su re  d i s t r i b u t i o n  caused by the  presence  of the probe. The effect  of t h i s  

a d d i t i o n a l  unce r t a in ty  on t h e  measured va lue  of 6 is s u b s t a n t i a l l y  g r e a t e r  
t han  the  corresponding effect  on the  de termina t ion  of l o c a l  Mach number or 
v e l o c i t y ,  s i n c e  t h e  s t a g n a t i o n  p r e s s u r e  can be regarded  as a zero-order  
q u a n t i t y ,  and 6 and t h e  s t agna t ion -p res su re  c o r r e c t i o n  a re  f i r s t - o r d e r  

quan t i  t i es w i  t h can p a r  ab1 e un c er t a i  n t i es . 

Errors i n  determining q u a n t i t i e s  from the  probe c a l i b r a t i o n  data  a r i se  

from both  t h e  wind tunnel  measurement e r r o r s  and t h e  e r r o r s  a s s o c i a t e d  wi th  
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the  c a l i b r a t i o n  data. The probe-pressure measurement errors a s s o c i a t e d  w i t h  

t he  c a l i b r a t i o n  data were estimated by i n c l u d i n g  an e q u i v a l e n t  a d d i t i o n a l  

s o u r c e  of error i n  t h e  wind tunne l  measurements. 

Unce r t a in ty  estimates for  t h e  c a l i b r a t i o n  data were obta ined  by first 

e s t i m a t i n g  t h e  u n c e r t a i n t i e s  i n  measurements of p r e s s u r e  a t  the i n d i v i d u a l  
probe ports  i n  the p rev ious ly  described manner. Atmospheric p r e s s u r e  was 

measured by a p r e c i s i o n  abso lu te -p res su re  t r a n s d u c e r  w i t h  a quoted u n c e r t a i n t y  

of 0.02 kPa .  Probe p res su res  and c a l i b r a t o r  s t a g n a t i o n  p r e s s u r e  were measured 
w i t h  d i f f e r e n t i a l  p r e s s u r e  t r ansduce r s  r e f e r e n c e d  t o  a tmospher ic  pressure. 
Zeros were recorded  f o r  t h e s e  t r ansduce r s  a t  t h e  beginning and end of each 
series of probe c a l i b r a t i o n  measurements, and the average  z e r o s  were used i n  
reducing  t h e  data. The maximum e r r o r  fran t h i s  source i s  thus  one-half  t h e  

z e r o  s h i f t .  The z e r o  s h i f t  used i n  t h e  u n c e r t a i n t y  estimate was t h e  maximum 
observed i n  a l l  of t h e  c a l i b r a t i o n  r u n s ,  0.103 and 0.059 k P a ,  cor responding  

t o  the probe t r a n s d u c e r s  and the s t agna t ion -p res su re  t r a n s d u c e r ,  r e s p e c t i v e l y .  
N o n l i n e a r i t y  and h y s t e r e s i s  e r r o r s  f o r  t h e  probe t r a n s d u c e r s  were determined 
as a f u n c t i o n  of p r e s s u r e  r ange  corresponding t o  each c a l i b r a t i o n  Mach number. 
The maximum error for the particular range of d i f f e r e n t i a l  pressure observed 
i n  the c a l i b r a t i o n  records of any of the n i n e  t r a n s d u c e r s  used i n  t h i s  s tudy  

(probe t r a n s d u c e r s  and spares) w a s  used as t h e  estimate of t h e  n o n l i n e a r i t y /  
hysteresis  e r r o r .  Estimated e r r o r s  from t h i s  s o u r c e  ranged from 0.021 t o  
0.084 kPa for  c a l i b r a t i o n  Mach numbers of 0.25 t o  1.0. 

were n o t  a v a i l a b l e  f o r  the s t a g n a t i o n - p r e s s u r e  t r a n s d u c e r ,  s o  t h e  n o n l i n e a r i t y  

and h y s t e r e s i s  estimates corresponding t o  t h e  probe t r a n s d u c e r s  were used t o  
r e p r e s e n t  t h e  s t a g n a t i o n - p r e s s u r e  t r ansduce r .  S ince  t he  s t a g n a t i o n - p r e s s u r e  

t r a n s d u c e r  is a more a c c u r a t e  ins t rument ,  t h i s  approximation should  be conser -  
v a t i v e .  The overall pressure-measurement error i n f l u e n c i n g  the  c a l i b r a t i o n  

data w a s  computed as an RSS canbina t ion  of the e r r o r s  a r i s i n g  from the  

s t a g n a t i o n - ,  s tatic-,  and probe-pressure measurements. 

Corresponding data 

e 

S i n c e  the  calibrator w a s  ope ra t ed  a t  c o n s t a n t  s t a t i c  pressure, and t h e  

tunne l  c o n d i t i o n s  correspond approximately t o  c o n s t a n t  free-stream s t a g n a t i o n  
pressure, i t  was necessary  t o  correct the  estimates f o r  p r o b e - c a l i b r a t i o n  
pressure-measurement e r r o r s  f o r  v a r i a t i o n s  i n  local dynamic p res su re .  

was done by no t ing  t h a t  t h e  low-Mach-number measurenents i n  t h e  t u n n e l ,  
Th i s  



M 5 0 . 4 ,  were made p r i m a r i l y  i n  v iscous  r e g i o n s  where t h e  l oca l  s t a t i c  pres-  

sure is approximately equal  t he  free-stream va lue ,  and t h a t  t h e  h igher  l o c a l -  
Mach-number measurements i n  t h e  t u n n e l ,  M > 0.4,  were made p r i m a r i l y  i n  
i n v i s c i d  reg ions  where t h e  l o c a l  s t a g n a t i o n  p res su re  is  equa l  t o  t h e  free- 

stream value .  The c o r r e c t e d  u n c e r t a i n t i e s  corresponding t o  t h e  probe ca l  ibra- 

t i o n  data a re  shown i n  table  1 ;  t he  l a r g e s t  u n c e r t a i n t i e s  are  a s s o c i a t e d  with 

the  lowest c a l i b r a t i o n  Mach number, and are s l i g h t l y  less  than  t h e  unce r t a in -  
t i e s  j.n t h e  wind tunnel  probe-pressure measurements. 

Probe readings  corresponding t o  t h e  free-stream f low d i r e c t i o n  were 

determined i n  t he  wind tunne l  by t a k i n g  probe data a t  a p o s i t i o n  approximately 
0.7 m above the  wing, wi th  t h e  wing a t  O o  a n g l e  of a t t ack ,  and a low j e t -  

blowing ra te ,  t o  s t a b i l i z e  t he  wing wake.  

Veloc i ty  and Flow Angle Uncer ta in ty  Estimates 

Unce r t a in t i e s  i n  u, B ,  and l o c a l  v e l o c i t y  or  Mach number determined fran 
t h e  probe d a t a  a re  s t r o n g l y  inf luenced  by t h e  va lues  of u and B and t h e  l o c a l  
dynamic pressure.  As a r e s u l t ,  i t  is no t  p o s s i b l e  t o  quote  meaningful s i n g l e  
numerical  values f o r  t h e  u n c e r t a i n t i e s  i n  t h e  measured va lues  of these quan- 
t i t i e s .  Ins tead ,  reduced data were first canputed from the  measured probe 
p res su res .  Each probe p r e s s u r e  w a s ,  i n  t u r n ,  incremented by t h e  va lue  of t he  

estimated u n c e r t a i n t y ,  and t h e  r e s u l t i n g  per turbed  dependent q u a n t i t i e s  were 
determined fran t h e  c a l i b r a t i o n  data. P e r t u r b a t i o n s  i n  t h e  dependent quan- 
t i t i e s  were obtained b y  s u b t r a c t i n g  the  per turbed  dependent q u a n t i t i e s  from 

the nominal values ,  and an  estimate of u n c e r t a i n t y  i n  t h e  nominal q u a n t i t y  w a s  

ob ta ined  by RSS canb ina t ion  of t h e  canputed pe r tu rba t ions .  A va lue  of 

0.24 k P a  w a s  used a s  t h e  estimated o v e r a l l  u n c e r t a i n t y  f o r  t h e  probe-pressure 
measurements, inc luding  the  c o n t r i b u t i o n  of the  c a l i b r a t i o n  u n c e r t a i n t y .  T h i s  

va lue  l i e s  between t h e  sum and t h e  RSS canb ina t ion  of t h e  c o n t r i b u t i o n s  of t h e  

wind tunnel  pressure-measurement u n c e r t a i n t y  and the  u n c e r t a i n t y  a t t r i b u t e d  t o  
t h e  c a l i b r a t i o n  data ,  and is be l i eved  t o  be s l i g h t l y  conse rva t ive .  The uncer- 

t a i n t y  i n  l o c a l  s t a t i c  p re s su re  used i n  t he  a n a l y s i s  of t h e  three-hole-probe 
data was assumed t o  be AC = 0.1 on t h e  upper surface of t he  wing and AC = 

0.05 on t h e  lower s u r f a c e ,  based on examination of data  f r a n  the  p r e s e n t  s t u d y  
P P 
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and on d a t a  r e p o r t e d  by Spaid e t  a l .  ( r e f .  9 )  f o r  a i r f o i l  boundary-layer meas- 
urements. These increments  i n  C a r e  a c t u a l l y  estimates of C v a r i a t i o n s  

a s s o c i a t e d  wi th  probe i n t e r f e r e n c e .  Values of u n c e r t a i n t y  estimates f o r  B and 
Mach number f o r  t h e  three-hole-probe data and u n c e r t a i n t y  estimates f o r  (I, 0 ,  

Mach number, and C f o r  t h e  f ive-hole-probe data are  inc luded  i n  t h e  t a b u l a t e d  

data (see Appendix). 

P P 

P 

The t abu la t ed  data show t h a t  under f a v o r a b l e  c o n d i t i o n s ,  i . e . ,  r e l a t i v e l y  

h igh  local  dynamic p r e s s u r e  and moderate f low a n g u l a r i t y  r e l a t i v e  t o  t h e  probe 
t i p ,  t h e  u n c e r t a i n t i e s  i n  f low angles  determined by t h e  f i v e - h o l e  probe a re  

approximately 0 . 5 O ,  and t h e  Mach number u n c e r t a i n t y  is of t h e  o r d e r  of 1%. A t  

l a r g e r  f low-def lec t ion  ang le s  and low dynamic p res su res  character is t ic  of t he  

inne r  r e g i o n  of a boundary l a y e r  near s e p a r a t i o n ,  o r  a t  t h e  c e n t e r  of a near  
wake, the  u n c e r t a i n t y  is cons iderably  greater. Flow-angle data f o r  which t h e  

u n c e r t a i n t y  estimate exceeds l o o  have been d iscarded .  The e s t i m a t e s  of uncer- 

t a i n t y  i n  l o c a l  Mach number for  the three-hole-probe data are danina ted  by t h e  

estimated u n c e r t a i n t y  i n  C which i s  a l s o  p r imar i ly  r e s p o n s i b l e  f o r  t h e  

inc reased  va lues  of u n c e r t a i n t y  i n  both B and Mach number f o r  t hose  surveys  
w i t h  t h e  three-hole  probe i n  which t h e  data from one p o r t  could  n o t  be used. 

These surveys  inc lude  t h e  m a j o r i t y  of t h e  boundary-layer p r o f i l e s  ob ta ined  a t  

t h e  forward chordwise s t a t i o n s  on the  wing; f o r t u n a t e l y ,  t h e  f low a t  these 

forward s t a t i o n s  is predominantly streamwise, and the associated measurement 
u n c e r t a i n t i e s  are moderate. 

P’ 

Another source  of e r r o r  i n  t h e  t h e  t h ree -ho le  probe data is f low misa l ign-  
ment i n  t he  p i t c h  plane.  T h i s  e r r o r  is  be l ieved  t o  arise p a r t l y  from m i s -  
a l ignment  of the  probe t i p  w i t h  t h e  l o c a l  s u r f a c e ,  s i n c e  t h e  probe t i p  w a s  n o t  
realigned wi th  t h e  s u r f a c e  of t h e  wing a t  each chordwise s t a t i o n ,  bu t  w a s  

a l i g n e d  a t  one s t a t i o n  and t h e n  t r ave r sed  streamwise i n  t h e  v i c i n i t y  of t h a t  

s t a t i o n .  However, t he  major con t r ibu t ion  t o  t h i s  sou rce  of e r r o r  appears  t o  

have been s t r e a m l i n e  d e f l e c t i o n  a s soc ia t ed  with entrainment  by t h e  j e t  a t  h igh  
blowing rates. 

probe a t  the  edge of the v i scous  region d i f f e r e d  from the f ree-s t ream va lue  by 
more than  1.5% were discarded, as were s e v e r a l  of t he  yaw-plane a n g l e  p r o f i l e s  
f o r  which s i g n i f i c a n t  p i tch-p lane  misalignment e f fec ts  were i n d i c a t e d .  

Surveys f o r  which the  s t a g n a t i o n  p r e s s u r e  i n d i c a t e d  by the 
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TEST CONDITIONS AND PROCEDURES 

The wing pressures  were f irst  measured without  boundary-layer t r i p s  a t  

Next, boundary-layer t r i p s  were i n s t a l l e d  on t h e  MoD = 0.70 a t  ze ro  sweep. 
wing by use  of s i f t e d  g l a s s  sphe ru le s  a t  9% chord.  

v i s u a l i z a t i o n  tests were made a t  a Mach number of 0.70 t o  v e r i f y  t h a t  t h e  

estimated t r i p  s i z e  of 0.23-mm diam w a s  adequate  t o  cause t r a n s i t i o n .  

t h e  wing w a s  swept t o  45O, a sub l ima t ion  t e s t  v e r i f i e d  t h a t  t h e  t r i p s  were 

a l s o  e f f e c t i v e  a t  t h i s  angle .  

Subl imat ion flow- 

When 

Flow surveys were ob ta ined  a t  free-stream Mach numbers, M m ,  of 0.425 and 
0.70, Reynolds numbers based on streamwise chord ,  Rec, of 2.3 x 10' and 3.2 
x l o 6 ,  angles  of a t tack,  a, of O o  and 5O, and r a t i o s  of j e t  s t a g n a t i o n  t o  
free-stream s t a t i c  p r e s s u r e ,  pj/pm, of 1.0 t o  2.2. 
0.70 correspond t o  the Mach numbers 0.30 and 0.50 a t  ze ro  sweep, determined 
fran s imple  sweep theo ry ,  M,/COS 4 5 O .  
t h e  swept and unswept c o n d i t i o n s  are  presented  by Keener e t  a l .  ( r e f .  2). 

Boundary-layer surveys  were made a t  one  span  s t a t i o n ,  s t a r t i n g  a t  about 20% 
chord a t  s t a t i c - p r e s s u r e  o r i f i c e  row 3, back t o  near  t h e  t r a i l i n g  edge ou t -  
board of row 4 ,  on both upper and lower s u r f a c e s  ( f i g .  4). Wake surveys  were 

ob ta ined  i n  a r e g i o n  1 %  t o  30% chord downstream of t h e  t r a i l i n g  edge. 

The Mach numbers 0.425 and 

Performance data corresponding t o  both 

Oi l - f low-visua l iza t ion  t es t s  were made a t  bo th  sweep a n g l e s  a t  s e v e r a l  

Mach numbers t o  assist the a n a l y s i s  of t he  p r e s s u r e  and boundary-layer 

measurements ( r e f .  2).  

RESULTS AND DISCUSSION 

P l o t t e d  data  f r a n  t h i s  i n v e s t i g a t i o n  are  d iv ided  i n t o  three major ca tegor-  

ies:  static-pressure data re la ted t o  t he  boundary-layer and wake su rveys ,  

vec tor  and s c a l a r  boundary-layer and wake p l o t s  accompanied by selected o i l -  
f low photographs,  and displacement- thickness  and s k i n - f r i c t i o n  data. Tabu- 

l a t ed  data a r e  presented  on mic ro f i che ,  l o c a t e d  i n  a pocket i n s i d e  t h e  back 

cover of t h i s  r e p o r t .  A gu ide  t o  t h e  t a b u l a t e d  data i s  presented  i n  the  

Appendix. 
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Stat i c- P r  es s u r  e Data 

The s t a t i c - p r e s s u r e  data pe r t a in ing  t o  t he  flow su rveys  inc lude  chordwise 
s u r f a c e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  ob ta ined  near  mid-semispan, local  

s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  i l l u s t r a t i n g  probe- t ip  i n t e r f e r e n c e  e f f ec t s ,  

de ta i led  s u r f a c e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  i n  t h e  v i c i n i t y  of t h e  s l o t ,  

and s t a t i c - p r e s s u r e  p r o f i l e s  obtained from f ive-hole-probe surveys  above t h e  

Coanda s u r f  ace. 

S t a t i c - P r e s s u r e  D i s t r i b u t i o n s  Near Mid-Semispan 

S t a t i c - p r e s s u r e  d i s t r i b u t i o n s  corresponding t o  t e s t  c o n d i t i o n s  f o r  which 

The upper-surface data  were probe data were ob ta ined  are shown i n  f i g u r e  6. 

o b t a i n e d  fran t h e  d iagonal  row of o r i f i c e s  located a t  t h e  spanwise survey  
s t a t i o n ,  and the lower-surface d a t a  were i n t e r p o l a t e d  t o  t h a t  s t a t i o n  from t h e  

a d j a c e n t  chordwise orifices. 

by the  momentum c o e f f i c i e n t ,  
stream dynamic p r e s s u r e  and the  wing area. The corresponding s e c t i o n  l i f t  

c o e f f i c i e n t ,  cI1, is  a l so  shown. The p r e s s u r e  d i s t r i b u t i o n s  shown i n  f i g u r e  

6a correspond t o  MOD = 0.425 and a = O o .  

w i t h  t h e  two va lues  of blowing a r e  c h a r a c t e r i z e d  by weak s u c t i o n  peaks a t  t h e  

l e a d i n g  edge,  near-zero p re s su re  g rad ien t s  a t  mid-chord, and l a r g e  s u c t i o n  

peaks on t h e  upper s u r f a c e  downstream of t h e  j e t .  The flow i s  l o c a l l y  super -  
s o n i c  i n  t h i s  r e g i o n  a t  the h igher  blowing ra te ;  t h e  minimum va lue  of  C is 
-4.75 ( n o t  shown). 

Blowing ra tes  are i n d i c a t e d  both by  p. /p ,  , and 
J 

the j e t  momentum f l u x  normalized by t h e  free- % 

The p r e s s u r e  d i s t r i b u t i o n s  a s s o c i a t e d  

P 

Upper-surface p r e s s u r e  d i s t r i b u t i o n s  corresponding t o  M, = 0.425 and 

a = 5 O  a r e  shown i n  f i g u r e  6b. 
leading-edge s u c t i o n  peaks and suppresses  t h e  s u c t i o n  peaks on  t h e  Coanda 

s u r f  ace. 

The i n c r e a s e d  a n g l e  of attack i n c r e a s e s  t h e  

S t a t i c  p r e s s u r e  d i s t r i b u t i o n s  corresponding t o  no blowing and three 
blowing rates a t  M, = 0,70 and a = O o  are presented  i n  f i g u ! ~  6c. 

correspond t o  approximately t h e  same p r e s s u r e - r a t i o  range  as those of f i g u r e  
6 a ,  b u t  t he  v a l u e s  of C 

and a = 5 O  a r e  shown i n  f i g u r e  6d.  

The data  

and cR a r e  smaller. Upper-surface data  f o r  Ma= 0.70 
P 
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The d a t a  presented  i n  f i g u r e s  6a and 6c corresponding t o  a = 00 were 

obta ined  p r io r  t o  t h e  i n s t a l l a t i o n  of t h e  probe t r a v e r s i n g  u n i t .  
p r e s s u r e  da ta  ob ta ined  a t  t h e  same cond i t ions  w i t h  t h e  t r a v e r s i n g  u n i t  
i n s t a l l e d  but w i t h  t h e  probe f u l l y  r e t r a c t e d  were found t o  agree w i t h  the data 

of f i g u r e s  6a and 6 c ,  e s s e n t i a l l y  wi th in  t h e  r e p e a t a b i l i t y  of t h e  d a t a .  

Increments i n  C 

Mm = 0.70. 

S t a t i c -  

ranged from 0 t o  0.024 a t  MOD = 0.425 and from 0 t o  0.01 a t  
P 

Probe T i D  I n t e r f e r e n c e  

Representa t ive  examples of t h e  d i s tu rbance  t o  t h e  s u r f a c e  s t a t i c - p r e s s u r e  
d i s t r i b u t i o n s  caused by  the  presence of t he  probe t i p  i n  p o s i t i o n  f o r  a survey  
are shown i n  f i g u r e  7 ,  f o r  Ma = 0.425 and p./p, = l . Q ( f i g s .  7a-c) and 
1 . 8 ( f i g s .  7d-e). Several scans  of t h e  wing static-pressures were obta ined  
dur ing  a boundary-layer su rvey ,  beginning wi th  t h e  probe t i p  i n  con tac t  w i t h  

t he  wing su r face ,  and concluding wi th  the probe s l i g h t l y  beyond t h e  edge of 

t h e  boundary l a y e r .  
t he  same probe chordwise l o c a t i o n  shown i n  f i g u r e  7 were obta ined  w i t h  t he  

probe a t  var ious d i s t a n c e s  fran t h e  s u r f a c e .  The maximum d i s tu rbance  t o  t h e  

l o c a l  s t a t i c - p r e s s u r e  a s soc ia t ed  w i t h  probe i n t e r f e r e n c e  occurred  w i t h  t h e  

probe i n  contact  w i t h  t h e  s u r f a c e .  Only t h e  upper-surface s t a t i c - p r e s s u r e  
o r i f i c e s  were l o c a t e d  s u f f i c i e n t l y  c l o s e  t o  the probe survey  s t a t i o n s  t o  a l low 
an eva lua t ion  of t h i s  effect .  Nineteen cases were examined i n  d e t a i l ,  inc lud-  

i n g  t h e  f u l l  r ange  of t e s t  cond i t ions  and chordwise probe p o s i t i o n s .  I n  

t h i r t e e n  cases ,  t h e  maximum increment i n  C a t  a s u r f a c e  o r i f i c e  l o c a t i o n  
caused by the  probe a t  t h e  survey s t a t i o n  was l e s s  than  0.05, i n  f i v e  cases  
0.05 5 AC 1 0 . 0 8 ,  and i n  one c a s e ,  t he  data shown i n  f i g u r e  7d,  AC = 0.25. 

P P 

J 

Mul t ip l e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  corresponding t o  

P 

S ta t i c -P res su re  D i s t r i b u t i o n s  Near t h e  S l o t  

F igures  8 and 9 p e r t a i n  t o  t h e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  i n  t h e  

v i c i n i t y  of t h e  s l o t  (x / c  = 0.9665). 
p re s su re  da ta  f o r  0.9 S x/c  S 1.0 and 2y/b = 0.5,  0.7, and 0.9. Regular 
spanwise v a r i a t i o n  is apparent  i n  t h e  s u r f a c e  s t a t i c - p r e s s u r e  data a t  a f i x e d  

t e s t  condi t ion ,  but  the v a r i a t i o n s  are  l e s s  c o n s i s t e n t  on t h e  Coanda surface, 

p a r t i c u l a r l y  a t  higher blowing rates.  

F igure  8 p resen t s  upper-surface s t a t i c -  

The f i l l e d  symbols are data from the  
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f ive -ho le  probe,  e x t r a p o l a t e d  t o  the  s u r f a c e ,  and the e r r o r  bars a s s o c i a t e d  
w i t h  t h e  f i l l e d  symbols correspond t o  t h e  u n c e r t a i n t i e s  i n  t h e  probe s t a t i c -  

p r e s s u r e  data ob ta ined  f r a  t h e  previous ly  desc r ibed  a n a l y s i s .  The computed 
u n c e r t a i n t y  i n  C f o r  these d a t a  ranges from 0.02 t o  0.1. The canputed 
u n c e r t a i n t y  is  assumed t o  be p lus  or minus, s o  the  ranges  of t h e  e r r o r  bars 

are  shown as twice t h e  magnitude of the  unce r t a in ty .  No e r r o r  bars a re  

inc luded  where t h e  computed unce r t a in ty  is  of t h e  same o r d e r  as t h e  p l o t t i n g -  
symbol s i z e .  The p a r t l y  f i l l e d  symbols are C va lues  used i n  reducing  t h e  

three-hole-probe data ob ta ined  a t  t h a t  s t a t i o n .  The l a r g e  g r a d i e n t s  near  t h e  

s l o t  a t  t h e  h igher  blowing rates make t h e  va lues  of C a t  t h e  s l o t  somewhat 

unce r t a in .  As i n d i c a t e d  o n  t h e  p l o t s ,  t h e  s t a t i c  p res su re  immediately 
upstream of t h e  s l o t  w a s  ex t r apo la t ed  fran t h e  upstream data. 

P 

P 

P 

Static-Pressure P r o f i l e s  from Five-Hole-Probe Surveys 

S t a t i c - p r e s s u r e  d i s t r i b u t i o n s  obtained from t h e  f ive-hole-probe data above 
t h e  Coanda s u r f a c e  are presented  i n  f i g u r e  9. Data obta ined  w i t h  t he  probe 

immersed i n  t h e  wall j e t  o r  i n  t h e  shear layer  above t h e  j e t  have been 
omitted. Estimates of AC across the j e t ,  based on a s i m p l e  momentum ba lance ,  

range  from AC 
MOD = 0.70, a = O o ,  pj/pm = 2.2, and a r e  c o n s i s t e n t  with e x t r a p o l a t i o n s  of the 

s t a t i c - p r e s s u r e  p r o f i l e s  t o  t h e  su r face .  The data corresponding t o  Mm = 0.425 
and the  higher blowing ra tes  show vor tex- l ike  behavior ,  i . e . ,  t h e  C d i s t r i b u -  
t i o n s  seem c o n s i s t e n t  w i t h  a l / z z  v a r i a t i o n ,  but  t h e  p r o f i l e s  ob ta ined  a t  Mm 

= 0.70 show n e a r l y  cons t an t  s t a t i c  p res su re  above t h e  Coanda s u r f a c e .  The 

p r o f i l e  ob ta ined  f o r  M m  = 0.425, a = O o ,  and p./p, = 1.8 w a s  supe r son ic  f o r  0 

< z /c  < 0.02; the  p res su re  c o e f f i c i e n t  i n  t he  supe r son ic  r e g i o n  was assumed t o  
vary l i n e a r l y  f r a n  the  l a s t  subsonic  po in t  t o  a va lue  of -3.97, estimated f r a n  

t h e  s u r f a c e  measurements. 

P 
= 0.17 a t  M m  = 0.425, a = O o ,  pj/pm = 1 . 4 ,  t o  0.06 a t  

P 

P 

3 

Returning t o  f igure  8, i t  can be s e e n  t h a t  t h e  f ive-hole-probe data a t  

a = O o  a t  both Mach numbers a re  c o n s i s t e n t  with the  s u r f a c e  s t a t i c - p r e s s u r e  

measurements. The s u r f a c e  s t a t i c - p r e s s u r e  data and the  prnbe data  cbtaified a t  

a = 5 O  a t  both Mach numbers show t h e  same q u a l i t a t i v e  t r e n d  of i n c r e a s i n g l y  
n e g a t i v e  p re s su re  c o e f f i c i e n t s  w i t h  increas ing  blowing rate;  bu t  there are 
i n c r e a s i n g  d i sc repanc ie s  between t h e  two sources  of data w i t h  i n c r e a s i n g  
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blowing ra te .  

blowing r a t e  than the corresponding data  f o r  Mm = 0.425. 
u n c e r t a i n t y  estimates a re  t o o  small t o  e x p l a i n  these d i s c r e p a n c i e s ,  t h e i r  

cause  is not  known. 

The data ob ta ined  a t  Mm = 0.70 show l e s s  v a r i a t i o n  i n  C w i t h  
P 

S ince  the  v a r i o u s  

Boundary-Layer and Wake Surveys 

Vector P l o t s  a t  M-= - 0.425, a = 0' 

Figures  10 and 1 1  a r e  composite views i n  t h e  streamwise s e c t i o n  p l ane  of 
t he  a f t  po r t ion  of the model, i nc lud ing  t h e  s l o t  i n l e t ,  and of t h e  sur rounding  
f low f i e l d s .  Th i s  s t y l e  of p r e s e n t a t i o n  is used i n  s e v e r a l  of t h e  subsequent  
f i g u r e s  t o  he lp  c l a r i f y  t h e  q u a l i t a t i v e  f e a t u r e s  of these complex three- 

dimensional f lows. The v e l o c i t y  v e c t o r s  are p r o j e c t i o n s  i n  t h e  streamwise 
p lane ,  and the  vec to r  labeled urn i n  the uppe r - l e f t  corner  of both f i g u r e s  

corresponds t o  t h e  free-stream v e l o c i t y .  The boundary-layer p r o f i l e s  were 

obta ined  w i t h  a three-hole probe, and the  v e c t o r s  are drawn p a r a l l e l  t o  t he  

l o c a l  surface. The wake p r o f i l e s  and t h e  wall-jet p r o f i l e  ( t h e  f low survey  
above the  Coanda s u r f a c e  downstream of t h e  j e t  e x i t  s t a t i o n  i n  f i g u r e  1 1 )  were 

ob ta ined  w i t h  a f ive-hole probe ,  and a r e  drawn a t  t h e  measured i n c l i n a t i o n  

ang le .  

The data of f i g u r e  10 correspond t o  Mm = 0.425, a = O o ,  and no blowing. 
No wake  data were ob ta ined  a t  t h i s  tes t  condi t ion .  The boundary-layer pro- 
f i l es  show approximately symmetrical  f low,  as expec ted ,  w i th  s e p a r a t i o n  
appa ren t ly  occurr ing  s l i g h t l y  downstream of t h e  last measuring s t a t i o n  ( x / c  
= 0.976) on both the upper and lower s u r f a c e s .  

F igure  1 1  is  a composite view corresponding t o  Mm = 0.425, a = O o ,  and 

pj/pm = 1 . 4 ,  t h e  b a s e l i n e  tes t  c o n d i t i o n  selected f o r  f l o w - f i e l d  surveys  i n  
t h i s  i n v e s t i g a t i o n .  The characterist ics of t h i s  f low f i e l d  a r e  i n  s h a r p  
c o n t r a s t  t o  the data corresponding t o  no blowing presented  i n  t he  preceding 

f i g u r e .  The boundary-layer p r o f i l e s  on t h e  upper s u r f a c e  upstream of t h e  s l o t  
and a t  the s l o t  l i p  (x / c  = 0.967) a re  f u l l ,  showing t h e  effect  of entrainment  
by t he  j e t .  The j e t  i s  ev iden t  i n  t h e  p r o f i l e  o b t a i n e d  a t  x/c = 0.985. 
s epa ra t ed  r eg ion  i s  i n d i c a t e d  by t h e  lower-surface boundary-layer p r o f i l e s .  

A 
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S i g n i f i c a n t  v a r i a t i o n s  i n  pi tch-plane i n c l i n a t i o n  ang le s  a re  p r e s e n t  i n  t h e  

wake  p r o f i l e s ;  t h e  g r a d i e n t s  decrease w i t h  i n c r e a s i n g  x/c.  The gap i n  the  

wake p r o f i l e  a t  x/c = 1.01 is a reg ion  where t h e  f low d i r e c t i o n  exceeded the  

probe c a l i b r a t i o n  range.  The upper p o r t i o n  of t he  wake n e a r e s t  t h e  t r a i l i n g  
edge is c h a r a c t e r i z e d  by l a r g e  negat ive va lues  of t h e  p i t ch -p lane  ang le .  

Below t h e  t r a i l i n g  edge,  the pi tch-plane ang le s  are st i l l  n e g a t i v e ,  b u t  are 
smaller i n  magnitude. Large cross-stream v e l o c i t y  components are p resen t  i n  

t h i s  f low f i e l d ;  t he  cross-s t ream flow is shown i n  subsequent  f i g u r e s .  

Close-ups of wall-jet and wake p r o f i l e s  corresponding t o  t h e  b a s e l i n e  tes t  
cond i t ion  are p resen ted  i n  f i g u r e s  12-14. 
f i v e - h o l e  probe and are presented  i n  t h e  form of streamwise v e l o c i t y  canpo- 

nents  , cross-stream v e l o c i t y  components ( v e l o c i t y  components l y i n g  i n  a p l a n e  
normal t o  the free-stream v e l o c i t y  vec to r )  and s t a t i c - p r e s s u r e  d i s t r i b u t i o n s .  
The p r o f i l e s  of f i g u r e s  12-14 correspond t o  x / c  = 0.984, 1.02, and 1.10. The 

o r i g i n  of the z-coord ina te  f o r  the wake p r o f i l e s  is the upper l i p  of the slot .  
The streamwise p r o f i l e s  a t  x / c  = 0.984 and 1.10 are a l s o  shown i n  f i g u r e  1 1 .  

The v e l o c i t y  v e c t o r s  a re  p l o t t e d  t o  t h e  same scale i n  f i g u r e s  12-14, bu t  d i f -  

f e rences  i n  t h e  mean va lue  and range of v a r i a t i o n  i n  s t a t i c  p r e s s u r e  among the 

p r o f i l e s  r e q u i r e d  s i g n i f i c a n t  changes i n  t he  C scale. 

These data were ob ta ined  wi th  t h e  

P 

The f i v e - h o l e  probe is t o o  l a r g e  t o  r e s o l v e  t h e  f l o w - f i e l d  features 
a c c u r a t e l y  nea r  t h e  Coanda s u r f a c e .  I n  reducing  t h e  data shown i n  f i g u r e  12 
corresponding t o  0 I z / c  5 0.0035, t h e  s t a t i c  p r e s s u r e  was e x t r a p o l a t e d  f r a n  
t h e  r e g i o n  above the j e t  t o  the  s u r f a c e ,  t h e  s t a g n a t i o n  p res su re  was assumed 
t o  be t h e  maximum of t he  va lues  measured by t h e  probe or i f ices ,  and t h e  p i t ch -  

p l ane  f low d i r e c t i o n  was assumed t o  be p a r a l l e l  t o  t he  l o c a l  s u r f a c e .  

The c o n t r a s t  between the  inboard i n c l i n a t i o n  of t he  e n t i r e  p r o f i l e  a t  x / c  
= 0.984 and t h e  outboard f low i n  the  c e n t e r s  of t he  wake p r o f i l e s  is e v i d e n t  
i n  these f i g u r e s ,  as a re  the s u b s t a n t i a l  v a r i a t i o n s  i n  s t a t i c  p re s su re .  The 

inboard  i n c l i n a t i o n  of the f low above the j e t  a t  x /c  = 0.984 i m p l i e s  s t r o n g  
entrainment  by t h e  j e t .  As expected,  t h e  gradientas decrease ~ i t h  ir?creai.n.g 

d i s t a n c e  downstream. 
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The upper and lower p o r t i o n s  of each wake p r o f i l e  i n c l u d e  r e g i o n s  of 
cons t an t  s t agna t ion  p res su re ,  i n d i c a t i n g  t ha t  t h e  f low nonuni formi t ies  r e s u l t  

from both i n v i s c i d  and v iscous  effects.  The upper edge of t h e  wake  near  t h e  

t r a i l i n g  edge is c h a r a c t e r i z e d  by high v e l o c i t y ,  l a r g e  downwash, and n e a r l y  

streamwise flow i n  t h e  yaw plane ;  the lower edge has lower v e l o c i t y  magnitudes 
and is  more near ly  streamwise i n  both p l anes .  The f low i n  t he  c e n t r a l  p o r t i o n  

of the wake is  predominantly outboard ,  d e s p i t e  t h e  fact  t h a t  t h e  j e t ,  which i s  

s t r o n g  enough t o  c o n t r o l  t h e  wing c i r c u l a t i o n ,  i s  directed 45O inboard .  A t  

x /c  = 1.02,  t h e  flow a t  t h e  c e n t e r  of t he  wake i s  approximately p a r a l l e l  t o  
t he  t r a i l i n g  edge. The q u a l i t a t i v e  behavior  of t h e  f low i n  t h e  gap a t  x / c  
= 1.01 is cons i s t en t  wi th  these t r e n d s ;  the  s i g n s  of t he  f low ang les  can be 

determined from t h e  s i g n s  of t h e  a p p r o p r i a t e  probe-pressure d i f f e r e n c e s  even 
when t h e  probe c a l i b r a t i o n  range  i s  exceeded. 
v i scous  c e n t r a l  wake is dominated by t h e  outboard f low i n  t he  separated r e g i o n  
on the  lower su r face .  

Apparently t h e  f low i n  t h e  

The in f luence  of an  i n c r e a s e  i n  blowing r a t e  may be s e e n  by comparing 
f igures  1 1  and 15. The upper-surface boundary layer and wake v e l o c i t i e s  i n  
t h e  v i c i n i t y  of t h e  t r a i l i n g  edge are s i g n i f i c a n t l y  greater a t  t h e  h igher  

blowing rate. 

a five-hole-probe survey  of t h e  o u t e r  r e g i o n  and a three-hole-probe survey  
made n e a r  t h e  su r face .  The three-hole-probe data are  used i n  t h e  supe r son ic  

reg ion .  
probe data i s  the p rev ious ly  mentioned l i n e a r  i n t e r p o l a t i o n  from the l a s t  
subsonic  point  determined by t h e  f ive -ho le  probe t o  t h e  va lue  measured a t  t h e  

s u r f a c e .  The p i tch-p lane  i n c l i n a t i o n  a n g l e s  i n  t h e  wakes  are  more n e g a t i v e  
than  they  a r e  a t  the same l o c a t i o n s  a t  t h e  lower blowing r a t e ,  r e s u l t i n g  i n  a 
s u b s t a n t i a l  reg ion  of f low a t  the  margin of or o u t s i d e  t h e  p robe -ca l ib ra t ion  

range f o r  t h e  innermost  wake p r o f i l e .  The wake p r o f i l e s  a l s o  show s u b s t a n t i a l  
ou tboard  f low,  but  t h e  momentum added by  t h e  j e t  is s u f f i c i e n t l y  l a r g e  t ha t  

t he  d e f i c i t s  i n  v e l o c i t y  magnitude i n  t h e  wakes  are small. The two lower- 
s u r f a c e  boundary-layer p r o f i l e s  shown i n  f i g u r e  1 5  i n d i c a t e  tha t  t h e  inc reased  

blowing r a t e  has a l s o  resu l ted  i n  a forward movement of t he  lower-sur face  
s e p a r a t i o n  point .  

The wall-jet p r o f i l e  a t  x/c  = 0.985 is a c a n p o s i t e  of data from 

The s t a t i c - p r e s s u r e  d i s t r i b u t i o n  used i n  reducing  t h e  three-hole-  
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Figures  16-18 p resen t  c lose-ups  of wall-jet and wake p r o f i l e s  f o r  t h e  t e s t  
c o n d i t i o n s  of f i g u r e  15  i n  t h e  manner of f i g u r e s  12-14. 

Scalar P l o t s  a t  M = 0.425, a = O o  

The next  group of p l o t s ,  f i g u r e s  19-22, p r e s e n t  convent iona l  ve loc i ty -  
magnitude and f low-angular i ty  p r o f i l e s  f o r  each of t h e  l o c a t i o n s  surveyed a t  

the  three tes t  condi t ions  described previous ly .  The boundary-layer and a 

p o r t i o n  of t h e  wall-jet d a t a  were obta ined  wi th  a th ree -ho le  probe,  and t h e  

remaining wall-jet data and t h e  wake data of f i g u r e s  19-22 were ob ta ined  wi th  

a f i v e - h o l e  probe. 

F igures  19a and 19c p r e s e n t  u/u=, t he  v e l o c i t y  magnitude normalized by the  

f ree-s t ream v e l o c i t y ,  p l o t t e d  a g a i n s t  z /c ,  t he  d i s t a n c e  fran the  s u r f a c e  nor- 
mal ized by t h e  streamwise chord, f o r  t h e  no-blowing case a t  each of the su rvey  
s t a t i o n s ,  0.2 4 x/c  4 0.976. The d i s t ance  f r a n  t h e  s u r f a c e ,  z, is  measured 
normal t o  t h e  tunnel  a x i s ,  which is a l s o  normal t o  the mean p lane  of t h e  wing 
a t  a = O o .  Corresponding p r o f i l e s  of yaw-plane f low a n g l e ,  8 ,  are  shown i n  

f i g u r e  19b (outboard  f low i s  defined as p o s i t i v e  B ) .  Because of t h e  small 
scale of some of t h e  p l o t s  i n  f i g u r e  19 and i n  subsequent  f igures ,  i n d i v i d u a l  
p l o t t i n g  symbols are n o t  always used. 
f o r  each of t h e  p r o f i l e s  of f i g u r e  19. The boundary-layer t h i c k n e s s  i n c r e a s e s  
s u b s t a n t i a l l y  w i t h  i n c r e a s i n g  downstream d i s t a n c e ,  and the p r o f i l e s  become 
less f u l l .  The yaw-plane f low-di rec t ion  p r o f i l e s  show s l i g h t l y  inboard flow 
a t  t he  forward chordwise s t a t i o n s .  The a f t  s t a t i o n  @ - p r o f i l e s  a re  approxi- 
mately streamwise a t  t h e  o u t e r  edge of t he  boundary l a y e r ,  and r o t a t e  ou tboard  
w i t h  dec reas ing  d i s t a n c e  f r a n  t h e  su r face .  The f low v e l o c i t i e s  were t o o  small 

near  t h e  surface a t  x / c  2 0.967 t o  allow measurement of €4. 

Approximately 40 p o i n t s  were ob ta ined  

Velocity-magnitude and f low-angular i ty  p r o f i l e s  corresponding t o  t h e  

b a s e l i n e  tes t  cond i t ion  of f i g u r e  1 1  are p resen ted  i n  f igure  20. The upper- 
s u r f a c e  data are presented  i n  f i g u r e s  20a-d. The boundary-layer t h i c k n e s s  
does n o t  i n c r e a s e  apprec i ab ly  fran mid-chord t o  the s l o t  s t a t i o n .  The pro- 
f i l e s  of B upstream of t he  s l o t  i n d i c a t e  t h a t  t h e  f low w a s  approximately 
c o l i n e a r ,  wi th  a mean inboard i n c l i n a t i o n  which i n c r e a s e s  w i t h  inc reas ing  

downstream d i s t a n c e .  Both t h e  t h i n ,  f u l l  character of t he  v e l o c i t y  magnitude 
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p r o f i l e s  near  t h e  s lo t  s t a t i o n  and t h e  inboard  va lues  of 8 imply s t r o n g  
entrainment  by t h e  j e t .  Wall-jet p r o f i l e s  ob ta ined  w i t h  both t h e  s t r a i g h t  and 
yawed three-hole  probes and t h e  f i v e - h o l e  probe a re  shown f o r  x/c = 0.977 and 

0.985. The wa l l - j e t  data ob ta ined  w i t h  t h e  three-hole  probes were reduced by 

employing t h e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  measured wi th  t h e  f ive-hole  probe.  

Although the  data obta ined  wi th in  t h e  j e t  n e a r  t h e  Coanda s u r f a c e  w i t h  the  

f ive -ho le  probe are inc luded  i n  f i g u r e  20 and i n  subsequent  f i g u r e s ,  t h i s  

probe is t o o  l a r g e  t o  r e s o l v e  the features of t h e  f low n e a r  t h e  s u r f a c e  wi th  

r easonab le  accuracy. The three-hole-probe data are c l e a r l y  more re l iab le  i n  
t h i s  r eg ion .  Agrement among t h e  p r o f i l e s  a t  x / c  = 0.977 w i t h  t h e  th ree -ho le  
probes is good f o r  both u/um and B ;  a g r e m e n t  i s  a l s o  good between the three- 

and five-hole-probe data a t  x/c = 0.977 and 0.985 i n  t h e  r e g i o n  above t h e  j e t .  

The two wall-jet p r o f i l e s  show t h a t  t h e  j e t  is directed normal t o  t h e  s l o t  
( 6  = - 4 5 O ) .  

The corresponding lower-surface p r o f i l e s  are  shown i n  f i g u r e s  20e and f ,  

beginning a t  x/c = 0.5. The p r o f i l e s  f o r  0.5 5 x/c  5 0.7 are f u l l ,  and t h e  

f low is approximately streamwise. Downstream of x/c  = 0.7 ,  the  boundary-layer 

growth i s  r a p i d ;  a t  x / c  = 0.9 t h e  f low i s  near s e p a r a t i o n .  I n  t h e  i n n e r  
r e g i o n  of t h e  p r o f i l e  a t  x /c  = 0.967, t he  probe p res su res  are approximately 

equal  t o  t h e  l o c a l  s t a t i c  p r e s s u r e ,  i n d i c a t i n g  r e v e r s e  f low,  and no data  a r e  

p l o t t e d .  Measured va lues  of 8 become i n c r e a s i n g l y  outboard  wi th  dec reas ing  
d i s t a n c e  from the  s u r f a c e  i n  t h e  two downstream p r o f i l e s .  Near t h e  s u r f a c e  a t  
x /c  = 0.9,  the  probe p r e s s u r e  d i f f e r e n c e s  a re  t o o  small t o  a l low accurate 

de termina t ion  of B .  

Veloc i ty  magnitude, 8 ,  and p i  tch-plane flow-angle ( a )  p r o f i l e s  are  
presented  i n  f igures 2Og-i for  f o u r  wake survey  s t a t i o n s  (upward f low is 

de f ined  as p o s i t i v e  a ) .  The primary f e a t u r e s  of t he  wake p r o f i l e s  have been 
descr ibed i n  t he  preceeding d i scuss ion  of the v e l o c i t y  vec to r  p l o t s .  

Scalar p r o f i l e s  corresponding t o  t h e  higher-blowing-rate  t es t  c o n d i t i o n  of 
f i g u r e  15 a r e  presented  i n  f i g u r e  21 ,  f o r  bo th  the  upper- and lower-surface 
boundary l a y e r s  and wakes. The q u a l i t a t i v e  f e a t u r e s  of these p r o f i l e s  a r e  
similar t o  those of f i g u r e  20. 

used f o r  t h e  f ive-hole-probe data i n  t h e  supe r son ic  r e g i o n s  near  t h e  s u r f a c e  

An approximate da ta - reduct ion  procedure was 
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a t  x / c  = 0.977 and 0.985, r e s u l t i n g  i n  r e l a t i v e l y  poor a g r e m e n t  between t h e  

three- and f ive-hole-probe , velocity-magni t ude  da t a  a t  these l o c a t i o n s ;  
however, t h e  a g r e m e n t  f o r  the corresponding B-prof i l e s  i s  s u r p r i s i n g l y  good. 

Data from the  c e n t r a l  p o r t i o n  of t h e  wake a t  x/c = 1.02, shown i n  f i g u r e  

21g-i ,  l i e  a t  the edge of t h e  c a l i b r a t i o n  range f o r  both B and a, and t h e  

r e s u l t i n g  accuracy  is marginal .  The computed va lues  of u/u, and B appear 

p l a u s i b l e ,  but  t h e  va lues  of (J show cons ide rab le  sca t te r .  

A sequence of lower-sur face  boundary-layer p r o f i l e s  corresponding t o  a 

range of blowing rates is presented  i n  f i g u r e  22. These p r o f i l e s  show similar 

f e a t u r e s ,  except  t h a t  t h e  lower-surface s e p a r a t i o n  l o c a t i o n  v a r i e s  wi th  blow- 
ing  ra te .  Th i s  po in t  w i l l  be d i scussed  i n  more de t a i l  subsequent ly .  The 

d i s c o n t i n u i t y  i n  the  velocity-magnitude p r o f i l e  i n  f i g u r e  22c a t  x /c  = 0.9 is 

a consequence of l o g i c  i n  t h e  da ta - reduct ion  program which s imply sets the  

l o c a l  s t a g n a t i o n  p res su re  equal  t o  the h ighes t  v a l u e  measured by the p o r t s  of 
the  th ree -ho le  probe when t h e  l o c a l  v e l o c i t y  i s  t o o  low t o  use t h e  c a l i b r a t i o n  
data. 

Vector P l o t s  and Oil-Flow Photographs a t  M = 0,425, a = 5O 

Composite views similar t o  those of f i g u r e s  1 0 ,  1 1 ,  and 15 are  presented  
0 

i n  f i g u r e s  23 - 26 corresponding t o  M, = 0.425, a = 5 , and a range of blowing 
rates,  from no blowing t o  p /p, = 1.6. 

d i s t r i b u t i o n s  are presented  i n  f i g u r e  6b. The data of f i g u r e s  23 and 24 show 
r e l a t i v e l y  t h i c k  upper-surface boundary l a y e r s  n e a r  t h e  s l o t ,  r e l a t i v e  t o  t h e  

data ob ta ined  a t  a = O o .  The s i n g l e  wall-jet  p r o f i l e  shown i n  f i g u r e  25 is 

s i g n i f i c a n t l y  t h i n n e r  t han  the c m p a r a b l e  p r o f i l e s  a t  t h e  lower blowing r a t e  
shown i n  f i g u r e  24. The s u b s t a n t i a l  q u a l i t a t i v e  change i n  t h e  f low f i e l d  n e a r  
t h e  s l o t  as t h e  blowing r a t e  i s  increased  i s  i l l u s t r a t ed  i n  more de ta i l  by t h e  

v e l o c i t y  v e c t o r  p l o t s  a t  x /c  = 0.977 shown i n  f i g u r e  27 and t h e  f l u o r e s c e n t  
o i l - f low photographs of f i g u r e  28 .  The data of f i g u r e  27a show a low-veloc i ty  
r e g i o n  between t h o  bnundary l a y e r  and t h e  j e t ,  s i g n i f i c a n t  ou tbcard  f low i n  

the boundary layer above t h e  j e t ,  and n e a r l y  c o n s t a n t  s t a t i c  p r e s s u r e  w i t h i n  
t h e  boundary layer.  These features sugges t  t h a t  t h e  boundary l a y e r  i s  i n  a 

s t a t e  of i n c i p i e n t  s e p a r a t i o n ,  and is n o t  i n f luenced  s i g n i f i c a n t l y  by  t he  

The upper -sur face  s t a t i c - p r e s s u r e  
j 
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presence  of the  j e t .  
t h i n n e r ,  f u l l e r  boundary-layer p r o f i l e  wi th  no low-veloci t y  r e g i o n  between the 

boundary l aye r  and the  j e t ,  n e g l i g i b l e  outboard  f low i n  t h e  boundary l a y e r ,  
and a static-pressure d i s t r i b u t i o n  which decreases wi th  dec reas ing  d i s t a n c e  

from t h e  su r face .  These characterist ics s u g g e s t  s i g n i f i c a n t  entrainment  of 

t he  boundary-layer f low by t h e  j e t ,  i n  c o n t r a s t  t o  t he  data of f i g u r e  27a. 
F igu re  27c (p./p, = 1.6) shows a f u l l e r  p r o f i l e  t han  t h e  previous  case, t h e  

cross-s t ream p r o j e c t i o n  shows inboard  f low above the j e t ,  and t h e  s t a t i c -  

p r e s s u r e  v a r i a t i o n  through the  boundary l a y e r  and t h e  j e t  f low is  more 
pronounced. Note t h a t  t h e  scale  of t he  s t a t i c - p r e s s u r e  p l o t  is  d i f f e r e n t  i n  

f i g u r e  27c f r an  the  scale used i n  f i g u r e s  27a and b. 

F igure  27b, corresponding t o  p./p,  = 1 . 4  shows a 
J 

3 

Fluorescent  o i l - f low photographs ob ta ined  i n  t h i s  r ange  of t e s t  c o n d i t i o n s  
F igure  28 shows two upper- co r robora t e  t h e  r e s u l t s  of t h e  f low- f i e ld  surveys .  

s u r f a c e  photographs corresponding t o  Mm = 0.425, a = 5O, and p./p,  = 1.2 and 
1.3,  ob ta ined  from Keener e t  a l . ,  (ref.  2 ) .  The o i l  was i n j e c t e d  from t h e  

s u r f a c e  o r i f i c e s  and photographed du r ing  a run .  A t  t h e  lower blowing ra te ,  
t h e  o i l  s t r e a k s  t u r n  toward t h e  spanwise d i r e c t i o n  n e a r  t h e  s l o t ,  i n d i c a t i n g  
s e p a r a t i o n  at t h e  s l o t ,  except  i n  t h e  immediate v i c i n i t y  of t h e  t i p .  The 

p a t t e r n  obtained f o r  p./p, = 1.3  is s i g n i f i c a n t l y  d i f f e r e n t ,  showing stream- 

wise f low along t h e  span  up t o  t h e  s l o t ,  i n d i c a t i n g  attached f low a t  t h e  s l o t .  

J 

J 

S c a l a r  P l o t s  a t  M. = 0.425, a = 5 O  

S c a l a r  p l o t s  of t h e  boundary-layer and wake p r o f i l e s  corresponding t o  
Ma = 0.425 a n d  a = 5 O  a re  p resen ted  i n  f i g u r e s  29 - 33. 

the three-hole-probe data f o r  t h e  wall-jet p r o f i l e  of f i g u r e  32 i s  good, as i s  
t h e  agreement between t h e  three- and f ive-hole-probe data i n  t h e  r e g i o n  above 
t h e  j e t  shown i n  f i g u r e s  30 and 32. 
of B i n  f i g u r e s  30d and 31b, corresponding t o  p./p, = 1 . 2  and 1 . 4 ,  respec-  

t i v e l y  , i l l u s t r a t e  the po in t  p rev ious ly  d iscussed  concerning the  q u a l i t a t i v e  
d i f f e r e n c e s  between these f lows.  

The r e p e a t a b i l i t y  of  

The c o n t r a s t  between t h e  wall-jet  p l o t s  

J 

The p r o f i l e s  presented  i n  f i g u r e  33 a t  x /c  = 1 .3  i l l u s t r a t e  t h e  downward 

displacement  of t h e  wake w i  t h  i n c r e a s i n g  blowing rate. 
p r o f i l e s ,  f i g u r e  33a, i n d i c a t e  t h e  v e r t i c a l  e x t e n t  of each wake as determined 

The v e l o c i t y  magnitude 
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by v i scous  and j e t  f low effects .  
s h i f t  i n  the va lue  of B a c r o s s  each wake, and t h e  p i t ch -p lane  p r o f i l e s  show 

l i n e a r  v a r i a t i o n s  of (I a c r o s s  t h e  ent i re  r e g i o n  inc luded  i n  each survey;  no 
features d i s t i n g u i s h i n g  the  v i scous  and i n v i s c i d  r e g i o n s  are apparent  i n  t h e  

a-prof i l e s .  

The yaw-plane f low-d i r ec t ion  p r o f i l e s  show a 

Vector P l o t s  a t  M = 0.425, a =: 0' 

Figures  34-40 correspond t o  Mm = 0.70, a = O o .  The s u r f a c e  s t a t i c -  
p r e s s u r e  d i s t r i b u t i o n s  f o r  which boundary-layer and wake data  were ob ta ined  a t  

t h i s  Mach number and a n g l e  of attack a r e  p re sen ted  i n  f i g u r e  6c .  
and 35  are canpos i t e  views similar t o  t h o s e  shown i n  f i g u r e s  10 and 1 1  a t  t he  

lower Mach number. The data of f i g u r e  34 correspond t o  no blowing, and are 
q u a l i t a t i v e l y  q u i t e  similar t o  the no-blowing case a t  t h e  lower Mach number 
shown i n  f i g u r e  10. The data of f i g u r e  35 and t h e  de ta i led  p r o f i l e  data of 
f i g u r e s  36-38 correspond t o  t h e  same j e t  p res su re  r a t i o  as i n  f igure 1 1 ,  

pj/p, = 1 .4 ,  but  a lower jet-momentum c o e f f i c i e n t ,  C 

of the  j e t  on t h e  sur rounding  f low is  c lear ly  much less pronounced a t  t h i s  

test  cond i t ion .  The upper-surface boundary-layer p r o f i l e s  i n  t h e  v i c i n i t y  of  
t h e  j e t  are  less f u l l  and show p o s i t i v e  va lues  of B near  t h e  s u r f a c e  upstream 

of t h e  j e t  and a t  t h e  l o c a t i o n  of minimum v e l o c i t y  i n  the p r o f i l e  downstream 
of the  j e t .  The lower-surface s e p a r a t i o n  l i n e  i s  appa ren t ly  nea r  t h e  l a s t  
measuring s t a t i o n  on t h e  lower sur face .  The reduced c i r c u l a t i o n  is i n d i c a t e d  
by the  reduced downward displacement of t he  wake c e n t e r l i n e ,  r e l a t i v e  t o  the  

data of f i g u r e  1 1 .  

F igures  34 

= 0.0041. The i n f l u e n c e  
lJ 

Canpos i te  views corresponding t o  MOD = 0.70, a = O o ,  and p . /pm = 1.8 and 
J 

2.2 are presented  i n  f i g u r e s  39 and 40. 

Vector P l o t s  and Oil-Flow Photographs a t  M = 0.70, a = 5 O  

A series of wall-jet p r o f i l e s  with t he  f ive -ho le  probe were ob ta ined  a t  M, 

= 0.70, a = 5 O ,  and x /c  = 0.977. Data e b t a i n e d  a t  t h e  minimum and maxiwan 
blowing rates, p j  /pm = 1.2  and 2.2 a r e  presented  i n  f i g u r e s  4la and b. 

corresponding upper-surface static-pressure d i s t r i b u t i o n s  are shown i n  

f igure  6d. 

The 

The boundary-layer flow above t h e  j e t  appears t o  be s e p a r a t e d ,  o r  
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p o s s i b l y  i n  a s t a t e  of i n c i p i e n t  s e p a r a t i o n  a t  t h i s  range of blowing r a t e s ,  i n  
c o n t r a s t  t o  the r e s u l t s  ob ta ined  a t  MoJ = 0.425. 

of f i g u r e s  41a and b show low-veloci ty  r eg ions  between t h e  j e t  and t h e  
boundary-layer f low above t h e  j e t ,  and both cross-s t ream p r o f i l e s  show s i g -  

n i f i c a n t  outboard f low above the  j e t .  
ob ta ined  a t  MOD= 0.70, a = 5 O ,  and p./p, = 2.0, i n d i c a t e s  f low s e p a r a t i o n  a t  

t h e  s l o t .  

Note t ha t  bo th  the  p r o f i l e s  

The o i l - f l o w  photograph of f i g u r e  42 ,  

J 

Scalar P l o t s  a t  M = 0.70 

S c a l a r  p r o f i l e s  corresponding t o  a l l  of t he  data  ob ta ined  a t  Mm = 0.70 a re  
p resen ted  i n  f i g u r e s  43-47. The gene ra l  f e a t u r e s  of these p r o f i l e s  are s i m i -  
l a r  t o  t h o s e  observed a t  Mm = 0.425. 
p i tch-p lane  wake p r o f i l e s ,  figures 4 4 i  and 45e, and t h e  l a r g e  excur s ions  i n  
t h e  yaw-plane f low-d i r ec t ion  p r o f i l e s  a t  a = 5" and x/c = 0.977, f i g u r e  47b. 

O f  p a r t i c u l a r  no te  a re  t h e  i r r e g u l a r  

I n t e g r a l  P r o p e r t i e s  and Skin  F r i c t i o n  

Upper-Surface Displacement-Thickness D i s t r i b u t i o n s  

Upper-surface, streamwise displacement- thickness  d i s t r i b u t i o n s ,  normalized 
by t h e  streamwise chord,  b , /c ,  a re  p resen ted  i n  f i g u r e  48. The boundary-layer 
t h i c k n e s s  d i s t r i b u t i o n s  are appa ren t ly  una f fec t ed  by blowing f o r  x/c 6 0.5. 
Data corresponding t o  Mm = 0.425, a = O o ,  and j e t  c o n d i t i o n s  of no blowing, 
pj/p, = 1 . 4 ,  and 1.8 a r e  presented  i n  f i g u r e  48a. 

shown i n  f i g u r e  48a a t  x / c  = 0.5 i s  approximately t h e  same as t h a t  correspond- 
i n g  t o  f low over a f l a t  p l a t e  a t  t h e  f ree-s t ream cond i t ions .  

of the s l o t ,  t h e  displacement- thickness  d i s t r i b u t i o n  f o r  no blowing grows 
r a p i d l y  as  t h e  f low approaches s e p a r a t i o n .  Data f o r  t h e  two blowing ra tes  

show va lues  of displacement  t h i c k n e s s  immediately upstream of t h e  s l o t  which 

are  e s s e n t i a l l y  the same as t h o s e  measured a t  mid-chord. Values of d i sp l ace -  
ment t h i ckness  immediately upstream of t h e  s l o t  are g r e a t e r  a t  t h e  t e s t  condi- 
t i o n s  of f i g u r e  48b, Mm = 0.425, a = 5 O ,  o r  t h e  t e s t  c o n d i t i o n s  of f igure  48c, 

M OD = 0.70, a = Oo, t han  i n  f i g u r e  48a. 

* 

The displacement  t h i c k n e s s  

I n  t h e  v i c i n i t y  

I n  a d d i t i o n ,  t h e  va lues  of d i sp l ace -  
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merit t h i c k n e s s  near  the  s l o t  remain s i g n i f i c a n t l y  g r e a t e r  t han  t h e  correspond- 
i n g  mid-chord va lues  f o r  t h e  r ange  of blowing ra tes  inc luded  i n  f i g u r e s  48b 

and c.  

Skin F r i c t i o n  Determined Fran  Veloci ty  P r o f i l e s  

Values of s k i n - f r i  ct i on  c o e f f i c i e n t  , Cf , were determined fran t h e  attached 

boundary-layer p r o f i l e s  by f i t t i n g  the i n n e r  r e g i o n  of t he  v e l o c i t y  magnitude 
p r o f i l e s  t o  the fo l lowing  g e n e r a l l y  accepted  s i m i l a r i t y  law: 

zu 
an($) + 5.0 U 1 

u 0.41 
- = -  

‘I 
(3 )  

where u 
d e n s i t y ,  and v is the k i n a n a t i c  v i s c o s i t y .  A range  of values  has been pro- 
posed f o r  t he  c o n s t a n t s  i n  t h i s  equat ion;  t h i s  s i t u a t i o n  is reviewed by Pierce 

e t  a l .  ( r e f .  1 0 ) .  Extension of t he  incompressible  law-of-the-wall t o  f lows  

w i t h  moderate c a n p r e s s i b i l i t y  e f f e c t s  i s  usua l ly  accanpl i shed  by e v a l u a t i n g  
t h e  d e n s i t y  and v i s c o s i t y  a t  t h e  wall temperature .  Prahlad ( r e f .  11) proposed 
t h a t  t h i s  s i m i l a r i t y  law be extended t o  three-dimensional  f lows  by r e p l a c i n g  

the  two-dimensional v e l o c i t y  i n  equat ion  ( 1 ) with  t h e  v e l o c i t y  magni tude .  
Pierce e t  a l .  (ref.  1 2 )  concluded t h a t  the  magnitude of the wa l l  shear stress 
could  be determined by t h e  Clauser-chart  t echnique  ( r e f .  13) t o  wi th in  5-108 
i f  data i n  t h e  range 10 S z I 100 ( z  = zu / v  were used. This conclus ion  
was l i m i t e d  t o  monotonical ly  skewed boundary layers w i t h  an approximate 
maximum of 15-20° of skew.  

is t h e  shear v e l o c i t y ,  q; T~ is t h e  wall shear stress, p is t h e  
T 

+ + 
T W  

F igu re  49 i l lustrates  the  method by which t h i s  technique  w a s  a p p l i e d  t o  
t he  p resen t  data. Lower-surface velocity-magni tude  p r o f i l e s  cor responding  t o  

t h e  b a s e l i n e  tes t  cond i t ions  a r e  p l o t t e d  i n  semi- logari  thmic coord ina te s .  I n  

these coord ina te s ,  equa t ion  ( 1 )  r e p r e s e n t s  a fami ly  of s t r a i g h t  l i n e s  with Cf 

as a parameter.  S ince  t h e  s t r a i g h t  l i n e s  i n  f i g u r e  49 r e p r e s e n t  the  range  10  

5 zu / v  5 1000, i t  is  apparefit that, t h e  sub laye r  and the  i n n e r  p o r t i o n  of t he  

l o g a r i t h m i c  r eg ion  are n o t  r e so lved  i n  these data.  The data show a monotoni- 
c a l l y  dec reas ing  t r e n d  of Cf with x/c. 

T 
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Lower -Surf ace Separa t ion  

The inf luence  of blowing r a t e  on the  p o s i t i o n  of t h e  lower-surface 
s e p a r a t i o n  l i n e  a t  a = O o  is  shown i n  f i g u r e  50, i n  which Cf is  p l o t t e d  as a 
f u n c t i o n  of x/c.  A r e l a t i v e l y  e x t e n s i v e  se t  of data i s  presented  i n  f i g u r e  

50a f o r  M m  = 0.425, and l i m i t e d  data are presented  i n  f i g u r e  50b f o r  Ma 

= 0.70. It  i s  assumed t h a t  e x t r a p o l a t i o n  of va lues  of  Cf t o  ze ro  provides  a 
r easonab le  estimate of t h e  s e p a r a t i o n - l i n e  l o c a t i o n .  (Ac tua l ly ,  the  v e l o c i t y  
magnitudes become small and t h e  l o c a l  f low d i r e c t i o n  becomes p a r a l l e l  t o  t h e  

wing gene ra to r s  near  s e p a r a t i o n . )  I n  f i g u r e  50a i t  is  shown t h a t  t h e  sepa-  
r a t i o n  l i n e  moves upstream with i n c r e a s i n g  blowing r a t e ,  up t o  pj/pm = 1.8, 

but  an  a d d i t i o n a l  i n c r e a s e  of p./p, t o  2.2 does no t  produce an a d d i t i o n a l  
forward movement of t h e  s e p a r a t i o n  l i n e .  It is  i n  t h i s  range of blowing ra tes  

t h a t  t h e  performance data (c, ve r sus  C ) show no a d d i t i o n a l  i n c r e a s e  of l i f t  u 
w i t h  i nc reas ing  blowing r a t e .  Blowing has a smaller effect  on t h e  p o s i t i o n  of 
t h e  lower-surface s e p a r a t i o n  l i n e  a t  Ma = 0.70, as shown i n  f i g u r e  50b. 

J 

Streamwise displacement- thickness  data corresponding t o  t h e  s k i n - f r i c t  i on  
data of f i g u r e  50 are presented  i n  f i g u r e  51,  where t h e  approach t o  s e p a r a t i o n  
is i n d i c a t e d  by a r a p i d  growth i n  displacement  t h i c k n e s s  wi th  i n c r e a s i n g  down- 
stream dis tance .  Vertical dashed l i n e s  i n  f i g u r e  51a i n d i c a t e  the s e p a r a t i o n  
l o c a t i o n s  i n f e r r e d  fran the  s k i n - f r i c t i o n  data.  

Skin-Fr ic t ion  Measurements With Obstacle Blocks and P res ton  Tubes 

Upper- and lower-surface s k i n  f r i c t i o n  d i s t r i b u t i o n s  a t  a = O o ,  ob ta ined  
by t h e  obstacle-block,  Preston-tube,  and Clauser-chart t echn iques ,  are 
presented  i n  f i g u r e s  52 - 54 f o r  both t e s t  Mach numbers and a range of blowing 
rates.  
of the Pres ton  tube  and t h e  obs tac le -b lock  data. Determinat ion of s k i n  

f r i c t i o n  by Pres ton  t u b e s  is g e n e r a l l y  l i m i t e d  t o  s i t u a t i o n s  i n  which t h e  

Preston-tube diameter i s  l e s s  than  t h e  t h i c k n e s s  of t h e  semi- logar i thmic  

reg ion .  This  c r i t e r i o n  was sa t i s f i ed  i n  t h e  p resen t  experiments .  

Boundary-layer data were examined t o  determine t h e  range  of v a l i d i t y  

The obstacle-block c a l i b r a t i o n  data of Nituch ( ref .  7 )  can be r e p r e s e n t e d  

by  the fo l lowing  equat ion:  



= 20.3 ( p v 2  , f o r  h/d = 3.0 , 
TW 

( 4 )  

where h is the  obs tac le -b lock  h e i g h t ,  d i s  t h e  s t a t i c - p r e s s u r e  o r i f i c e  diam- 

e ter ,  and Ap is t h e  d i f f e r e n c e  between t h e  undis turbed  s t a t i c  p r e s s u r e  and t h e  

p r e s s u r e  measured i n  t he  presence  of t h e  o b s t a c l e  block. The c a l i b r a t i o n  data 

were ob ta ined  i n  incompress ib le  flow; va lues  of p and v f o r  t h e  p resen t  data 

were eva lua ted  a t  t h e  wall temperature.  The data of r e f e r e n c e  7 i n d i c a t e  t h a t  

s k i n - f r i c t i o n  e r r o r s  no g r e a t e r  than 3% w i l l  be i ncu r red  if t h e  he igh t  of t h e  

o b s t a c l e  block is  l e s s  t han  t w i c e  the t h i c k n e s s  of t he  semi- logar i thmic  r e g i o n  
of t he  l o c a l  undis turbed  boundary l aye r .  (For  t h i s  purpose,  t h e  t h i c k n e s s  of 
t h e  semi- logar i thmic  r e g i o n  is defined as the  he igh t  above t h e  wall  a t  which 

the  mean v e l o c i t y  p r o f i l e  d e v i a t e s  f ran  the  semi- logar i thmic  law of t he  wall 

p r o f i l e  by 58.1 This  c r i t e r i o n  i s  s a t i s f i e d  i n  t h e  p re sen t  r ange  of tes t  
c o n d i t i o n s  a f t  of approximately mid-chord. The he ight  of the obstacle b locks  
is comparable t o  the t h i c k n e s s  of the semi- logari thmic r e g i o n  of the  undis- 

t u rbed  boundary l a y e r  f o r  x / c  = 0.9 on t h e  upper s u r f a c e  and x /c  = 0.7 on t h e  

lower s u r f  ace at most test condi t ions .  

An e r r o r  i n  t h e  Ap va lue  t h a t  w a s  used t o  determine s k i n  f r i c t i o n  from t h e  

Preston-tube and obs tac le -b lock  d a t a  r e s u l t e d  from imperfec t  r e p e a t a b i l i t y  i n  

test  cond i t ions .  The magnitude of t h i s  e r r o r  w a s  estimated by comparing 
leading-edge s t a t i c - p r e s s u r e  d i s t r i b u t i o n s ,  0 S x /c  5 0.15, ob ta ined  fran r u n s  

wi th  the c l e a n  wing, t o  data from r u n s  w i t h  the  P res ton  tubes  o r  o b s t a c l e  
b locks  i n s t a l l e d .  These comparisons showed t h e  e r r o r  i n  C t o  be approximate- 

l y  0.02. leads t o  e r r o r s  i n  Cf of 0.0002 and 0.00016 a t  
P 

free-stream Mach numbers of 0.425 a n d  0.70, r e s p e c t i v e l y .  

P 
T h i s  e r r o r  i n  C 

R e s u l t s  presented  i n  f i g u r e s  52 and 53 show reasonab le  agreement among the  

three methods of determining s k i n  f r i c t i o n  a t  MQ = 0.425, f o r  x / c  < 0.85 on 

the  upper  s u r f a c e ,  and upstream of s e p a r a t i o n  on  t h e  lower s u r f a c e .  I n  the 

immediate v i c i n i t y  of t h e  j e t  on the  upper s u r f a c e ,  t h e  data  are more scat-  

tered and t h e  t r e n d s  a r e  less c o n s i s t e n t ;  i t  is p o s s i b l e  t h a t  t he  three- 

d imens iona l i ty  of t he  boundary-layer 
has r e s u l t e d  i n  s i g n i f i c a n t  e r r o r s .  

of t h e  minima i n  C i n d i c a t e d  by the  f 

p r o f i l e s  immediately upstream of t h e  j e t  

The lower-surface data  taken  downstream 

obs tac le -b lock  data  are  n o t  meaningful 
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because t h e  flow was s e p a r a t e d  a t  those  l o c a t i o n s .  Some of t h e  same t r e n d s  
are p resen t  i n  t h e  data of f i g u r e  54, ob ta ined  a t  M m  = 0.70. 

g r e a t e r  d i screpancies  between t h e  Preston-tube data and t h e  average of t he  

obstacle-block r e s u l t s  on the upper  s u r f a c e  f o r  x /c  < 0.85 t h a n  the  co r re -  

sponding d a t a  ob ta ined  a t  Mm = 0.425, shown previous ly .  The lower-sur face  
s k i n - f r i c t i o n  d a t a  of f i g u r e  54b show t h e  reduced i n f l u e n c e  of blowing on t h e  

l o c a t i o n  of t h e  lower-surface s e p a r a t i o n  a t  Mm = 0.70, r e l a t i v e  t o  Mm = 0.425. 

These data  show 

CONCLUDING REMARKS 

Boundary-layer and wake-survey data  were ob ta ined  a t  mid-semispan i n  t h e  

f low about a 45O-swept, c i r c u l a t i o n - c o n t r o l  wing a t  free-stream Mach numbers 
of 0.425 and 0.70. Boundary-layer p r o f i l e s  forward on t h e  wing on both upper 
and lower su r faces  are approximately streamwise and two-dimensional. The f low 
i n  t h e  v i c i n i t y  of the j e t  e x i t  and i n  t he  n e a r  wake is h igh ly  th ree -  
dimensional.  Q u a l i t a t i v e  v a r i a t i o n s  i n  flow-f i e l d  f e a t u r e s  w i t h  free-stream 

Mach number and j e t  blowing rate are i l lus t ra ted  by v e l o c i t y  vec to r  p l o t s .  The 

j e t  f low near  t h e  s l o t  on the Coanda s u r f a c e  i s  d i r e c t e d  normal t o  t h e  s l o t ,  
o r  4 5 O  inboard.  A l l  near-wake su rveys ,  i nc lud ing  surveys  ob ta ined  1% chord 
downstream of t h e  t r a i l i n g  edge,  show l a r g e  outboard f lows  a t  t he  c e n t e r  of 
the  wake.  A t  Mach 0.425 and 5 O  a n g l e  of a t tack,  a range  of je t -b lowing  ra tes  

was found f o r  which an abrupt  t r a n s i t i o n  from i n c i p i e n t  s e p a r a t i o n  t o  attached 

flow occurs  i n  t h e  boundary layer upstream of t he  s l o t .  The v a r i a t i o n  i n  t h e  

lower-surface s e p a r a t i o n  l o c a t i o n  w i t h  blowing ra te  was determined from 

boundary-layer , Pres  ton-tube , and obs tac le -b lock  measurements. The i n f l u e n c e  
of blowing on t h e  s i z e  of the lower-surface s e p a r a t e d  r e g i o n  i s  shown t o  be 

much more pronounced a t  M m  = 0.425 t h a n  a t  M m  = 0.70. 
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APPENDIX 

Tabula ted  data fran t h i s  i n v e s t i g a t i o n  are con ta ined  on  microfiche pages 

located i n  an  envelope i n  t h e  b a c k  cover of t h i s  r e p o r t .  The fo l lowing  is  a 

l i s t i n g  of these tab les ,  t o g e t h e r  with brief d e s c r i p t i o n s  of t h e  c o n t e n t s  of 

each table.  

Table A l .  Nomenclature. T h i s  t a b l e  c o n t a i n s  d e f i n i t i o n s  of t h e  

terminology used i n  t h e  remaining t a b l e s .  

Table  A2. Run summary - r u n s  conta in ing  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  

cor responding  t o  boundary-layer and wake su rvey  data. T h i s  t ab l e  c o n t a i n s  t h e  

NASA r u n  and sequence numbers, Mm, a,  pj/pm, Cp, ca, t u n n e l  s t a g n a t i o n  
c o n d i t i o n s ,  and t e s t - s e c t i o n  s t a t i c  pressure .  

Table A 3 .  S t a t i c - p r e s s u r e  d i s t r i b u t i o n s  a t  mid-semispan corresponding t o  
t e s t  c o n d i t i o n s  for  which boundary-layer and w a k e  survey  data were ob ta ined .  
T h i s  t ab le  c o n t a i n s  va lues  of C and x /c  for  t h e  r u n s  l i s t e d  i n  Tab le  A2. The 

upper -sur face  data are fran the diagonal  row of p r e s s u r e  o r i f ices ,  and t h e  

lower-surface data are from row 4 ,  2y/b = 0.7.  

P 

Table Ah. Summary data f r a n  boundary-layer and wake su rveys  - two-orifice 
data. Th i s  table  c o n t a i n s  run  numbers, edge c o n d i t i o n s ,  i n t e g r a l  p r o p e r t i e s ,  

and s k i n  f r i c t i o n  c o e f f i c i e n t s  f r a n  those r u n s  made wi th  the  th ree -ho le  probes 
f o r  which o n l y  two o r i f i ce s  were func t ion ing .  
reduced by use  of a cons t an t  va lue  of s t a t i c  p r e s s u r e .  

Data from these su rveys  were 

Table A 5 .  Detailed p r o f i l e s  - two-or i f ice  data. Each page of t h i s  table  

corresponds t o  one of t h e  p r o f i l e s  l i s t e d  i n  Tab le  Ah. The l i n e s  a t  t h e  t o p  

of each page i n c l u d e  the summary informat ion  of Table A 4 .  

t a b u l a t i o n  c o n t a i n s  va lues  of z /c ,  probe p r e s s u r e ,  Mach number, v e l o c i t y ,  and 
yaw-plane i n c l i n a t i o n  angle .  

The remaining 

Table  A 6 .  Summary data f r a n  boundary-layer and wake su rveys  - three- 

or i f ice  data. Th i s  t ab l e  c o n t a i n s  t h e  same t y p e  of informat ion  as T a b l e  A 4 ,  

except  that  these data are  fran r u n s  made with the  three-hole probes f o r  which 
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a l l  three o r i f i c e s  were func t ion ing .  Data f r a n  these su rveys  were reduced 

us ing  a cons tan t  va lue  of s t a t i c  pressure .  

T a b l e  A 7 .  Detailed p r o f i l e s  - t h r e e - o r i f i c e  data .  T h i s  t ab l e  c o n t a i n s  

t h e  same type  of information as Table  AIS, w i t h  t he  excep t ions  noted i n  t he  

preceding paragraph. 

Table A 8 .  Summary data  fran wall-jet su rveys  - two- and t h r e e - o r i f i c e  

data wi th  v a r i a b l e  s t a t i c  p re s su re .  
Table A 4 ,  and inc ludes  only  surveys  ob ta ined  above t h e  Coanda s u r f a c e .  
S t a t i c -p res su re  d i s t r i b u t i o n s  ob ta ined  from corresponding f ive-hole-probe 
surveys  were used i n  reducing  the  data. 

Th i s  t ab le  i s  a run  summary similar t o  

T a b l e  A 9 .  Detailed p r o f i l e s  - two- and t h r e e - o r i f i c e  data  w i t h  v a r i a b l e  
s t a t i c  pressure.  T h i s  table  c o n t a i n s  the d e t a i l e d  p r o f i l e  data f o r  t h e  runs  
l i s t e d  i n  Table A 8 .  

Table A 1 0 .  Summary data fran wall-jet and wake surveys  - f i v e - o r i f i c e  

data. Th i s  t a b l e  is a summary of surveys  ob ta ined  wi th  the  f i v e - h o l e  probe. 

Table  A I  1 .  Detailed p r o f i l e s  - f i v e - o r i f  ice data.  T h i s  t ab l e  c o n t a i n s  

t he  detai led p r o f i l e  data from the  r u n s  l i s t e d  i n  Table  A10.  

T a b l e  A 1 2 .  Run summary - obstacle-block and Preston-tube data. T h i s  

t ab le  con ta ins  run  numbers, t e s t - s e c t i o n  c o n d i t i o n s ,  and v a l u e s  of p./p, f o r  
t h e  r u n s  i n  which the o b s t a c l e  b locks  and P res ton  tubes  were used, p l u s  
similar data f o r  corresponding r u n s  wi th  t h e  c lean  wing. 

J 

Table  A l 3 .  Obstacle-block and Preston-tube data. For the r u n s  l i s t e d  i n  
Table A1 2, t h i s  t ab le  c o n t a i n s  p r e s s u r e  o r i f  ice l o c a t i o n s ,  C va lues  ob ta ined  
w i t h  both the c l ean  wing and wi th  the o b s t a c l e  b locks  o r  Pres ton  tubes  

i n s t a l l e d ,  and va lues  of C f .  

P 
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Traversing unit 
I 

\ 
Turntable 

Side view 

Figure 1. Sketch of model and traversing unit installation. 

Figure 2. Wing model at a sweep angle of 45' and probe traversing unit. 

37 



Pressure 0 
piece Pressure 

Air supply plenum 

Section A-A 

Figure 3. Sketch of wing section showing four-piece construction, bolts, set screw, and adjusting screw 
for slot height. 
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D Internal pitot - static 
T Internal thermocouple 

Wing root 
junction 
h=O 

+ + +  + + +  t t +  + + +  

0.9 0.7 0.5 0.1 0 
2 y/b for A=O 

(a) Layout of static-pressure orifices. 

(b) Obstacle block 
(c) Preston tube cemented into 

wing pressure orifice 

Figure 4. Wing instrumentation. 
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Probe tip 

W Dimensions in millimeters 

Figure 5. Three- and five-hole probes. 
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(b) Upper-surface data, M, = 0.425, Rec = 2.24 x 106, a = 5.0° 

Figure 6. Wing static-pressure distributions at mid-semispan. 
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(d) Upper-surface data, Moo = 0.70, Re,= 3.15 X lo6, CY =So 

Figure 6. (Cont.) Wing static-pressure distributions at mid-semispan. 
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Figure 9. Static-pressure profiles above wall jet. 
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x/c = 0.90 

0.933 0.976 

0.976 

GP6l-1456-12-R 0.900 

Figure 10. Velocity components in streamwise section plane; Moo = 0.425, a = Oo, no blowing. 
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Figure 11. Velocity components in streamwise section plane; Moo =0.425, a = Oo, pj/poo = 1.4. 
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Figure 12. Wall-jet velocity and static-pressure profiles; M, = 0.425, a = Oo, pi /pa = 1.4, x/c = 0.984. 
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Figure 13. Wake velocity and static-pressure profiles; M, = 0.425, a = Oo, pj/p, = 1.4, x/c = 1.02. 
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Figure 14. Wake velocity and static-pressure profiles; MOO =0.425, a = O o ,  p.ip,  = 1.4, x i c =  1.10, 
J 
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Figure 15. Velocity components in streamwise section plane; Moo =0.425, a =Oo, pj/prn = 1.8. 
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Figure 16. Wall-jet velocity and static-pressure profiles; 
M,=0.425, a = O 0 ,  p./p,=1.8, x/c=O.976. 
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Figure 17. Wake velocity and static-pressure profiles; 
M,=0.425, atzoo ,  p./p,=1.8, ~ / ~ = 1 . 0 5 .  
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Figure 18. Wake velocity and static-pressure profiles; M a  = 0.425, a = Oo, pi/pa = 1.8, x/c = 1.10. 
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Figure 20. Boundary-layer and wake profiles; M a  =0.425, a =Oo, pj/p, = 1.4. 
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Figure 30. Boundary-layer and wake profiles; Moo =0.425, a=5', pj/poo = 1.2. 
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Figure 32. Boundary-iayer profiles; Moo =0.425, CY =5", pj ipm = 1.6. 
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Figure 34. Velocity components in streamwise section plane; Moo = 0.7, (I! = Oo, no blowing. 
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Figure 35. Velocity components in streamwise section plane; M a  = 0.70, CY = Oo, pj/pa = 1.4. 
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Figure 36. Wall-jet velocity and static-pressure profiles; M, = 0.70, CY = Oo, pj/p, = 1.4, x/c = 0.985. 

6 8  



0 

- 0.05 

Z / C  

- 0.10 

I -0.15 

- 0.20 

Streamwise projection Cross-stream 
projection 

I 
0.2 

I 
1 

- 
-0.2 -0.4 

CP 
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Figure 38. Wake velocity and static-pressure profiles; M a  =0.70, a = Oo, pl/poo = 1.4, x/c = 1.1. 
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Figure 39. Velocity vectors in streamwise section plane; Moo = 0.70, CY = Oo, pj/poo = 1.8. 
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Figure 40. Velocity vectors in streamwise section plane; Moo =0.70, a=O0, pj/poo =2.2. 
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Figure 41. Wall-jet velocity and static-pressure profiles; Moo = 0.70, a = 5 O ,  x/c = 0.977. 
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Figure 42. Fluorescent oil-flow photograph; Moo = 0.7, CY =So, pj/p, = 2.0. 
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Figure 43. Boundary-layer profiles; Moo = 0.70, a = Oo, no blowing. 
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Figure 44. Boundary-layer and wake profiles; M, =0.70, a=Oo, pj/p, = 1.4. 
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Figure 46. Boundary-layer profiles; M, = 0.70, a = Oo, pj/poo = 2.2. 
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Figure 47. Wall-jet profiles; Moo = 0.70, CY = 5 O ,  x/c = 0.977. 
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Figure 48. Upper-surface streamwise displacement-thickness distributions. 

80 



c 

1.2- 

1.O- 

0.8- 

U / U e  0.6- 

0.4- 

0.2- 

? 

x/c c, 
0 0.50 0.00317 
0 0.60 0.00302 

0.70 0.00259 
+ 0.80 0.00187 

0.90 0.00053 

Figure 49. Lower-surface velocity magnitude profiles in semi-log coordinates; M a  = 0.425, a = Oo, 
pJ/poo = 1.4. 

81 



c 

O T  0.003 K Pj/P, 

0.004 

0.003 

0.002 

0.001 

n 

0 1.2 4\ 

., 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

x/c x/c 

(a) Moo = 0.425, a = oo (b) Moo = 0.70, CY = 0" 

Figure 50. Lower-surface skin-friction distributions. 

. 

8 2  



b 

c 0.025 

0.020 

0.015 

6;/C 

0.010 
8 

0.005 

0 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

x/c x/c 

(a) Ma =0.425, a=Oo (b) M a  = 0.70, CY = Oo 
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Table 1. Uncertainty estimates in probe-pressure measurements. 

Uncertainties in test-section 
probe-pressure measurements 

Source of Uncertainty 
uncertainty estimate (kPa) 

Pr 0.048 

Pc 0.048 
em 0.10 
e, 0.069 
e, 0.069 

Transducer cal. 0.069 

RSS combination 0.17 

Uncertainties in probe calibration data 
scaled to tunnel conditions (kPa) 

M, (tunnel) MCSl 

0.25 0.70 1.0 

0.425 0.11 0.046 0.027 
0.70 0.09 0.10 0.060 

f 

" . 
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Table 2. Probe calibration parameters. 

Name Normal form Modified form* 

Yaw-plane pressure PL -PR 'C - 'R 
difference, t hree-hole 
probe PC - '/2 (PL + PR) pc - ps 

probe PC - L/Z (PL + PR) pc - ps 

'T - 'C 'T - 'C Stagnation pressure 
correction, three-hole 

Yaw-plane pressure 
difference, five-hole 
probe 

'U 'U - 'D Pitch-plane pressure 
difference, five-hole 
probe P C - %  (PL+PR+PU+PD) P C - E  (PU+PD) 

Stagnation pressure 
correction, five-hole 
probe 

correction, five-hole 
probe 

Static pressure 

Subscripts 
T stagnation 
S static 

C center port viewed from above 
L left port 

R right port 
U upper port 
D lower port 

1 
* Version used for three-hole probe with left port data not used, for five-hole 

probe with right port data not used. 
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